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INTRODUCTION
The acquisition of knowledge occurs against the backdrop of our experiences. However, 
we do not remember everything that we have experienced in our daily lives. In fact, 
most of the events we experience on a daily basis is forgotten the next day (Misra, 
Marconi et al. 2018). Then how is knowledge created and what are memories actually 
for? The world that we live in is comprised of dynamic environments, that may change 
on rapid or more gradual time scales. This requires all organisms that live on this 
planet, from plants to animals to humans, to appropriately respond to these changes 
throughout their lives in order to survive. Accordingly, organisms rely on memories of 
past experiences in order to accurately predict future events and to drive adaptive 
behavior in changing environments. However, specific memories of past experiences 
might be relatively accurate in predicting the future in static environments, but if 
environments are changing they might not be sufficient. Therefore, simple memories 
that store the gist of an experience and avoid complicated details are more suitable 
for efficient memory storage and to drive flexible behavior for generalizing to future 
events. This in turn, requires brain processes that are similarly dynamic and flexible 
to allow adaptive behavior over the course of rapid or more long-term time scales. 
For us humans, generalized knowledge is part of our daily lives. Knowledge can be 
comprised of different types of memories that are distinct in nature. In humans, episodic 
memory refers to the ability to recall specific personal experiences or events from the 
past (Tulving 1983). This involves conscious recollection of a particular experience 
and a sense of ‘mental time travel’. Episodic memories contain fine-grained, spatial, 
temporal and perceptual elements that are recalled vividly, for example details of a 
recent birthday party. After a certain amount of time has passed, we only remember the 
gist of that particular birthday party: only the more general, global features of the event 
are recalled. A gist is recalled for a single event, for example in the form of a general 
summary of what happened at the birthday party. Based on multiple experiences with 
birthday parties, we construct a semantic knowledge representation based on these 
similar, overlapping experiences and extract the common representation of what 
birthday parties are like. Although we do not remember the details of each and every 
occasion, we have a concept or a general idea of what happens at birthday parties 
and that it is appropriate to bring a gift. Importantly, new information that is consistent 
with our concept for birthday parties is easily and rapidly integrated into our ‘birthday 
party’ network. However, if you are invited to a Mexican birthday party and you see a 
piñata for the first time, this experience overlaps with the majority of your knowledge 
about birthday parties but is also distinct, in that piñatas are not typical to birthday 
parties in every culture. Consequentially, the memory system is equipped with the 
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ability to integrate this new information into your ‘birthday party’ network in a way that 
your previous knowledge remains unaltered but an extra, distinct feature of a birthday 
party can now be distinguished and remembered (Lewis, Knoblich et al. 2018). 
In the animal world, semantic knowledge is for example necessary to adopt optimal 
food search strategies. For example, scrub jays are able to acquire knowledge across 
multiple episodic events about the time interval in which various types of food can 
be consumed before it perishes (e.g. insects perish earlier than peanuts). This 
information is used to adopt strategies for caching and recovering food: Insects (their 
preferred food) will be recovered within the time interval that it is still edible. With 
longer time intervals, the bird will revert to recovering peanuts. If the jay discovers 
that previous knowledge is no longer correct, i.e. insects degrade more quickly than 
previously thought, the birds will change search behavior accordingly and choose to 
retrieve the insects at an earlier stage before they perish in future events. This shows 
that scrub jays can acquire and update generalized knowledge about different rates 
in which food can be consumed and integrate this information with more episodic-like 
memories of specific caching events to control food recovery strategies (Clayton, Yu 
et al. 2003, Salwiczek, Watanabe et al. 2010).  
It is generally believed that the stabilization of memory traces, or consolidation, 
requires the strengthening of synaptic connections between populations of neurons 
that are active during the processing of information, or encoding, of an experience. It 
is thought that any type of information can be represented in a network of neurons, 
termed cell assemblies. These cell assemblies are comprised of highly interconnected 
neurons, whose collective activity can represent all elements of a particular 
experience. What determines which experiences will be consolidated and which ones 
forgotten? Memories are different in terms of content or quality. Some experiences 
will always be vividly remembered. When something emotional or unexpected 
happens, our memories of these events tend to be remembered more detailed and 
this could last for life (McGaugh 2013). However, as previously mentioned, we are 
not able to recall every single detail of each event we have experienced in our lives. 
Remembering everything that we experience would not be adaptive, since most events 
are not significant enough to remember. Accordingly, our memories are stored as 
more generalized knowledge about our world. This knowledge is developed gradually 
and can be viewed as knowledge networks that are constructed based on similar 
events we have experienced throughout our lives (Wang and Morris 2010, Winocur, 
Moscovitch et al. 2010, Moscovitch, Cabeza et al. 2016).
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Memory is dynamic of nature that involves interactions between multiple brain areas 
that are differentially involved in memory processes. Particularly, communication 
between the hippocampus and the neocortex has received special interest, in both 
animal research and human imaging studies (Battaglia, Benchenane et al. 2011, 
Squire, Genzel et al. 2015, Moscovitch, Cabeza et al. 2016, Genzel and Battaglia 
2017, Fernandez and Morris 2018). Decades of research support the crucial role for 
the hippocampus in processing episodic details of what we experience on a daily basis, 
including the context we experienced them in. These episodic memories are organized 
according to their spatio-temporal layout so we can remember what happened, when it 
happened and where (Tulving 2002). Particularly, the neocortex, including the medial 
prefrontal cortex, retrosplenial cortex and other posterior representational regions, is 
thought to accumulate information about statistical regularities in the environment. 
Any episodic details appear to fade over time. Consequentially, semantic memories 
might be viewed as fact-like, abstracted memories acquired through extraction of 
commonalities across multiple episodic events (Winocur and Moscovitch 2011).
The reactivation of neural activity associated with an experience preferentially during 
sleep, termed memory replay, is suggested to be a critical underlying mechanism 
involved in memory organization. Replay has been studied in mainly animal studies, 
found in both the hippocampus and neocortex with cortical replay co-occurring with 
hippocampal sharp-wave ripples, which are bursts of high frequency oscillations 
that support memory consolidation (Frankland and Bontempi 2005, Girardeau, 
Benchenane et al. 2009, Battaglia, Benchenane et al. 2011, Kumaran, Hassabis et 
al. 2016, Maingret, Girardeau et al. 2016).
Together, this process is termed systems consolidation and involves a gradual process, 
previously thought to take years but now shown to requiring only hours or days if new 
information is consistent with previous knowledge (Squire and Alvarez 1995, Tse, 
Langston et al. 2007, Winocur, Moscovitch et al. 2010). The exact nature of the 
processes associated with systems consolidation has been under heavy debate for a 
couple of decades. Particularly, the main outstanding question relates to the manner 
in which the hippocampus and neocortex are involved in the retrieval of remote 
memories. Some theories suggest that memories gradually become more dependent 
on the neocortex until they are completely independent from the hippocampus (Squire 
and Alvarez 1995, Frankland and Bontempi 2005, Squire, Genzel et al. 2015). Other 
theories on the other hand argue that the hippocampus will always be required for 
successful retrieval of contextually specific memories (Nadel and Moscovitch 1997, 
Winocur, Moscovitch et al. 2010, Sekeres, Winocur et al. 2018). Importantly, the 
exact nature of how abstract, semantic knowledge is gradually formed over time in 
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the neocortex is unclear. In this thesis, I will study the dynamic nature of memory 
processes by focusing on how semantic-like memory is constructed in the mouse 
medial prefrontal cortex during learning of a complex spatial memory task. I will 
combine sophisticated behavioral measures with the state-of-the-art technique of in 
vivo calcium imaging, unprecedented in its ability to capture cell activity over the 
course of multiple weeks. 
Multiple models of systems consolidation 
Over the past couple of decades, multiple theories have been developed attempting 
to describe and explain the nature of systems consolidation. All of these theories 
were based on retrograde amnesia studies. Especially the famous case of H.M. 
greatly inspired the modern era of memory research and demonstrated the crucial 
role of the hippocampus in episodic memory. Patient H.M. suffered from epilepsy 
and in an attempt to cure his illness, his medial temporal lobe, which includes 
the hippocampus, perirhinal, entorhinal and parahippocampal areas, was removed 
bilaterally. As a result, he was unable to form new memories (anterograde amnesia) 
or access some memories acquired prior to surgery (retrograde amnesia). A temporal 
gradient could be observed in retrograde amnesia, since only remote memories could 
be retrieved whereas more recent memories seemed completely erased. General 
intellect, motor and perceptual skills were preserved, however (Scoville and Milner 
1957, Corkin 2002). Together with other lesion studies in humans showing this 
temporal gradient, it was suggested that the hippocampus only had a time-limited 
role in memory storage (Squire and Alvarez 1995). However, other patient studies 
showed that hippocampal lesions do not always demonstrate a gradient in memory 
loss, which led to believe that the hippocampus will always remain involved in memory 
retrieval (Nadel and Moscovitch 1997). These currently unresolved issues are core 
to the most widely known theories of systems consolidation and remain a matter of 
debate.  
The classic systems consolidation theory claims that as time passes, episodic 
and semantic memories become independent of the hippocampus (McClelland, 
McNaughton et al. 1995, Squire and Alvarez 1995, Squire, Genzel et al. 2015). The 
complementary learning systems theory is by-and-large compatible with the classic 
systems consolidation theory but emphasizes the need for distinct but complementary 
roles of the hippocampus and neocortex in memory processes. The multiple trace 
theory shares many ideas of the classic system consolidation theory but proposes that 
the hippocampus will always remain involved in the storage, retrieval and reactivation 
of episodic memories (Nadel and Moscovitch 1997). The most recent theory on 
memory consolidation, the trace transformation theory elaborated on the multiple trace 
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theory and claims that detailed, episodic memories are transformed into gist-based, 
generalized semantic memories when time passes (Winocur and Moscovitch 2011, 
Moscovitch, Cabeza et al. 2016, Sekeres, Moscovitch et al. 2017, Sekeres, Winocur 
et al. 2018) (Fig 1.3). Finally, recently Eichenbaum (2017) emphasized the nature of 
hippocampal-cortical communication during encoding and retrieval and described a 
model of context-guided retrieval, in which the medial prefrontal cortex controls the 
retrieval of the appropriate hippocampal memory by suppressing competing memories 
(Fig 1.4) (Eichenbaum 2017).
Classic systems consolidation theory
The fundaments of the classic systems consolidation theory emerged after the 
studies from patient H.M. and other studies demonstrating a temporal gradient in 
memory after damage to the medial temporal lobe (Squire and Alvarez 1995). As 
mentioned previously, Marr (1971) proposed that the hippocampus rapidly encodes 
and stores our daily events and over time the information is transferred and stored 
in the neocortex (Marr 1971). In addition, the abundance of literature available 
on temporally graded retrograde amnesia implied that the hippocampus only had 
a time-limited role in memory. Indeed, it was generally observed that patients with 
damage to the hippocampus were not able to recall recent experiences, but were 
capable of recalling memories from their remote past (Scoville and Milner 1957, 
Squire and Alvarez 1995, Squire, Genzel et al. 2015). Taken together, the classical 
systems consolidation theory proposes that information is initially processed by 
the hippocampus and memories are consolidated into an early hippocampal form. 
As time passes, memories are gradually reorganized into neocortical networks and 
the hippocampus becomes increasingly less important for storage and retrieval. 
Ultimately, memories can be retrieved independent from the hippocampus. Memories 
are not literally transferred from the hippocampus to the neocortex, as the neocortex 
is already active during encoding of new information (Lesburgueres, Gobbo et al. 
2011, Gonzalez, Kramar et al. 2013, Cowansage, Shuman et al. 2014). Notably, 
already during the early stages of learning, the neocortex is involved in establishing 
stable long-term memories by increasing the distribution and connectivity between 
multiple cortical areas (Squire and Alvarez 1995, Dudai and Morris 2013, Squire, 
Genzel et al. 2015). Importantly, the classic systems consolidation theory assumes 
linearity between the early hippocampal memory and cortically consolidated version: 
the content of the memory remains the same. Further, it predicts that a temporal 
gradient is observed for long-term episodic memories after medial temporal damage, 
in particular after hippocampal damage. This has indeed been supported by a large 
number of patients with retrograde amnesia (Cermak and O’Connor 1983, Zola-
Morgan, Squire et al. 1986, Kapur 1999, Kapur and Brooks 1999, Corkin 2002, 
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Bright, Buckman et al. 2006, Kopelman and Bright 2012). Neuroimaging studies in 
healthy participants have also demonstrated greater activity in the medial temporal 
lobe during retrieval of recent, semantic memories compared to remote memories 
(Haist, Bowden Gore et al. 2001, Douville, Woodard et al. 2005, Smith and Squire 
2009, Takashima, Nieuwenhuis et al. 2009, Yamashita, Hirose et al. 2009). In 
addition, connectivity between the hippocampus and neocortex decreases over time 
whereas connectivity between cortical areas increases (Takashima, Nieuwenhuis et 
al. 2009).
Evidence obtained from animal studies also demonstrated support for classic 
systems consolidation. Studies that assessed metabolic activity or immediate 
early gene (IEG) expression during retrieval have observed higher activity levels 
in the hippocampus during retrieval of recent memories versus remote memories 
(Bontempi, Laurent-Demir et al. 1999, Ross and Eichenbaum 2006, Goshen, Brodsky 
et al. 2011). Moreover, inactivation of the hippocampus using the inhibitory designer 
receptor activated by designer drug (DREADD) Hm4Di at different time points after 
contextual fear conditioning resulted in impaired recall at recent time points but not 
remote points (Varela, Weiss et al. 2016). Opposite effects were found for medial 
prefrontal cortex. IEG expression became more apparent during retrieval at remote 
time points, particularly in anterior cingulate cortex (Bontempi, Laurent-Demir et 
al. 1999, Frankland, Bontempi et al. 2004, Maviel, Durkin et al. 2004, Frankland, 
Ding et al. 2006, Teixeira, Pomedli et al. 2006). Finally, reversible inactivation of the 
anterior cingulate cortex impairs remote memories but leaves recent memories intact 
(Frankland, Bontempi et al. 2004, Frankland and Bontempi 2006).
Complementary learning systems theory
Understanding the world that we live in depends on the ability to remember specific, 
episodic events as well as constructing more generalized concepts that guide 
appropriate behavior and are accurate in anticipating the future. In his influential paper, 
Marr (1971) proposed that these two processes require separate neural systems to 
enable effective learning. More specifically, the hippocampus was hypothesized to 
rapidly encode and store our daily events and over time this information is stored 
in the neocortex (Marr 1971). Moreover, it was proposed that this process requires 
reactivation of neuronal ensembles during sleep. Inspired to ideas of Marr, McClelland 
et al. (1995) developed the complementary learning systems theory, which poses that 
the hippocampus is a ‘fast learner’, rapidly encoding new experiences. Reactivation of 
these experiences guides a ‘slow learning’ neocortex to integrate new information into 
structured knowledge networks (McClelland, McNaughton et al. 1995). To prevent the 
obliteration of previous knowledge, novel information might be replayed interleaved 
with old information, which would be consistent with the temporal gradient observed 
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in patients with retrograde amnesia since more remote memories would have had 
more time to be consolidation into the neocortex with interleaved replay (McClelland, 
McNaughton et al. 1995, O’Reilly, Bhattacharyya et al. 2014).
The hippocampus and neocortex complement each other for a versatile, flexible 
memory system
The hippocampus, particularly CA3 and the dentate gyrus, is specialized in orthogonal-
ization of representations, even when experiences are highly similar. This is a process 
termed pattern separation (Leutgeb, Leutgeb et al. 2007, Yassa and Stark 2011). The 
strong connections between neurons in the dentate gyrus and CA3 stabilize the neural 
activity patterns associated with the experience and support retrieval of the memory. 
CA3 acts as an auto-associative network for pattern completion and is able to retrieve 
an entire input pattern associated with an experience from only a partial cue (Treves 
and Rolls 1992, McClelland, McNaughton et al. 1995, McClelland and Goddard 1996, 
Leutgeb, Leutgeb et al. 2007, Yassa and Stark 2011). These processes are thought 
to be optimal for episodic memory, as one is able to retrieve many distinct, highly 
similar, memories. However, the opportunity for generalization might be minimal (but 
see McKenzie et al. 2014). Thus, the fast learner needs to be complemented by a 
system that is capable of extracting structure and generalization of our experiences: 
a gradually or ‘slow’ learning neocortex (McClelland, McNaughton et al. 1995). The 
concepts presented by McClelland et al. (1995) were derived from a series of simula-
tions based on the Rumelhart network, a computational model attempting to simulate 
the neocortex. The Rumelhart network was trained to gradually extract structures 
from semantic facts and generalized information for similar concepts through error-
correction backpropagation (connection weights are adjusted to reduce error in the 
network outputs). In this network, concepts are organized hierarchically by isa links 
(an X is a Y) so that knowledge that is true for all concepts within a certain branch can 
easily be stored and generalized to new concepts. For example, the statement ‘has 
feathers’ can be stored in the ‘bird’ node because it is true for all birds. When infor-
mation is perceived that a ‘canary’ is a bird, it can become a separate node via an isa 
link with the bird node, thereby inheriting all features common to birds (McClelland, 
McNaughton et al. 1995) (Fig 1.1).
Figure 1.1 A semantic network used in connectionist models to study the organization of knowledge in memory 
(left panel) and the connectionist network used to learn the propositions depicted in the semantic network 
(right panel). Inputs are presented to the left and consist of concept-relation pairs, for example robin can. 
The activation propagates from left to right and the network is trained to select the appropriate output units 
presented on the right, in this case grow, move and fly (McClelland et al. 1995).
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Interleaved learning and memory replay aid the incorporation of new information into 
the neocortex and avoid catastrophic interference
While a powerful learner for semantic knowledge, the Rumelhart network becomes 
problematic when it has to learn new information that is inconsistent with prior 
knowledge. This is the case for example when information about a ‘penguin’, a bird 
that has wings but cannot fly, had to be incorporated within the existing knowledge 
network established for ‘birds’. The novel information was presented through 
either focused learning, in which all information was presented repeatedly without 
continued exposure to previously learned information, or interleaved learning which 
means that the novel information was presented interleaved with previously learned 
information. Acquisition of new information through focused learning was faster than 
interleaved learning, however it also produced catastrophic interference, completely 
erasing previous knowledge. Interleaved learning on the other hand resulted in a more 
gradual acquisition of the novel information, but importantly, with minimal interference 
(Fig 1.2). Hence, previous knowledge was preserved and the novel information was 
successfully integrated into the existing network. 
The biological mechanisms underlying interleaved learning are currently not known. 
However, memory replay has been hypothesized to be a likely candidate in this process. 
Replay, or reactivation of neural patterns associated with an awake experience, prefer-
entially occurs during hippocampal sharp wave ripples, short bursts of high frequency 
oscillations (140-250 Hz) occurring during sleep, and has been shown to be critical for 
memory consolidation (Girardeau, Benchenane et al. 2009, Ego-Stengel and Wilson 
2010, Sadowski, Jones et al. 2016, Roux, Hu et al. 2017). Replay has also been 
observed in the neocortex and is strongest during hippocampal sharp wave ripples 
(Ji and Wilson 2007, Peyrache, Khamassi et al. 2009). In addition, cortical replay 
coincides with sharp wave ripples and may be shaped by cortical slow oscillations 
(Peyrache, Khamassi et al. 2009). Together, it has been implied that hippocampal 
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representations are replayed to the neocortex, interleaved by replay of familiar experi-
ences, to aid incorporation of novel information into an existing knowledge network 
(Frankland and Bontempi 2005, Winocur, Moscovitch et al. 2010, Tanaka, Pevzner et 
al. 2014, Kumaran, Hassabis et al. 2016). In addition, the interleaved reactivations 
may also consist of cortical representations within the established network (Tononi 
and Cirelli 2014, Kumaran, Hassabis et al. 2016).
Figure 1.2 Focused versus interleaved learning in the Rumelhart network The acquisition and interference rate 
for learning new, inconsistent knowledge using focused learning versus interleaved learning in the Rumelhart 
network. The absolute error indicates the discrepancy between the desired output and the obtained output. An 
absolute error of zero would imply successful integration of the proposition in the knowledge network. Focused 
learning results in more rapid integration of new knowledge (left panel) but also produces more interference 
(right panel). This is demonstrated by a larger average absolute error, which indicates the average error over all 
cases in the semantic network that involve the can relation. The interference was greater for items in which the 
correct output unit differed from the correct output for the penguin (McClelland et al. 1995).
New information consistent with prior knowledge is rapidly updated in a knowledge 
network
The McClelland et al. model (1995) implies that the neocortex is a slow learner, requiring 
numerous trials and interleaved learning in order to incorporate new (inconsistent) 
information into knowledge networks. The existence of prior knowledge however, 
can facilitate the consolidation of new information that is relevant to the pre-existing 
knowledge networks (Wang and Morris 2010, McClelland 2013, Fernandez and Morris 
2018). Tse et al. (2007) demonstrated this in a paired-associate learning paradigm 
for rats. Animals were trained to learn six pairs of flavor-location associations in 
an environment marked by several landmarks. Food rewards were hidden in sand 
wells and could be obtained by correct association of the flavor cue with the reward 
location. With repeated training across days, the animals established an associative 
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knowledge network representing the locations of the reward within the environment 
and were able to quickly obtain a reward after any of the learned flavor-cues were 
provided. After a knowledge network had been established, the animals were able 
to learn new paired associations within a single trial (Tse, Langston et al. 2007). 
This was associated with upregulation of IEGs in the prelimbic and anterior cingulate 
region of the medial prefrontal cortex (Tse, Takeuchi et al. 2011). Moreover, both 
original and new associations were retained after hippocampal lesions that were 
made 48hr after learning the new associations, indicating rapid assimilation of new 
information into an already existing neocortical network. Reversible inactivation of 
AMPA or NMDA receptors in the prelimbic cortex prevented consolidation and retrieval 
of remote but also recently acquired flavor-location associations (Tse, Takeuchi et al. 
2011). In addition, reversible inactivation of NMDA receptors in the anterior cingulate 
cortex impaired consolidation and retrieval of new associations, but did not impair 
retrieval of associations in the original knowledge network. AMPA receptor inactivation 
however, affected the original knowledge network but not the new associations (Wang, 
Tse et al. 2012). Human imaging studies have also demonstrated the engagement 
of the medial prefrontal cortex in the rapid consolidation of novel information that 
is congruent to the previous knowledge, whereas information that is incongruent 
involves the medial temporal lobe more (van Kesteren, Fernandez et al. 2010, van 
Kesteren, Rijpkema et al. 2010, van Kesteren, Beul et al. 2013). 
These findings indicate that encoding of information by the medial prefrontal cortex 
is essential during hippocampal-dependent learning to establish long-term memory. 
Particularly, it might be that the anterior cingulate cortex is especially involved in 
integrating novel information, whereas the prelimbic cortex might be more important 
for retaining previous knowledge. Importantly, the hippocampus remains necessary 
to acquire the new information, as hippocampal lesions prevented learning of new 
associations. However, new learning only occurs rapidly in the familiar environment. 
In a novel spatial environment, learning new associations occurs at the same pace as 
acquisition of the first set of associations in the original environment (Tse, Langston 
et al. 2007). This indicates that the environment is an essential part of an established 
knowledge network. What do these results mean for the complementary learning 
systems theory? It might imply that systems consolidation is not necessarily a gradual 
process and that the neocortex can be a ‘fast learner’ under certain circumstances. 
It could also suggest on the other hand that with an existing knowledge network, the 
neocortex requires less ‘nodes’ to integrate novel information instead of requiring the 
entire network. 
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Multiple trace theory and trace transformation theory
Although several earlier studies support the classic systems consolidation theory, 
there is also evidence conflicting with this theory. With inconsistent evidence from 
both human and animal studies, some of the fundamental features of the classic 
systems consolidation theory have been questioned and led to a novel theory. 
First of all, the retrograde amnesia cases in which no temporal gradient has been 
observed would argue that the hippocampus is involved in recent as well as remote 
memories. Neuroimaging studies in healthy adults have confirmed the involvement 
of the hippocampus in retrieval of remote autobiographical memories (Ryan, Nadel 
et al. 2001, Maguire and Frith 2003, Addis, Moscovitch et al. 2004, Gilboa, Winocur 
et al. 2004). In addition, IEGs are expressed in the hippocampus during retrieval of 
remote spatial memories and remote contextual fear memories (Teixeira, Pomedli et 
al. 2006). Moreover, lesions of the hippocampus made immediately after conditioning 
but not at a remote time point impaired remote contextual fear memory, indicating 
that the hippocampus is still required for the retrieval of memories at a more remote 
time point (Restivo, Vetere et al. 2009). The multiple trace theory is based on these 
observations (Nadel and Moscovitch 1997, Moscovitch, Nadel et al. 2006). The 
fundamental difference between classic systems consolidation theory and multiple 
trace theory is that the classic theory claims that systems consolidation results in 
a neocortical memory that is identical to its hippocampal form (Squire and Alvarez 
1995), whereas multiple trace theory argues that neocortical and hippocampal 
memories are fundamentally different and that the hippocampus remains involved in 
the retrieval of memories, regardless of the age of the memory (Nadel and Moscovitch 
1997, Nadel, Winocur et al. 2007) (Fig 1.3).
Each time a memory is retrieved it is re-encoded by the hippocampus together with the 
context in which retrieval occurred, thus forming an additional trace of the memory. 
Episodic memories that are older will consist of multiple traces and the more traces 
a memory contains, the more opportunity there is for retrieval (Nadel and Moscovitch 
1997, Nadel, Winocur et al. 2007). The trace transformation theory builds on these 
ideas but omits the idea of multiple episodic traces and suggests that the neocortex 
creates a semantic memory from episodic memories by accumulating information 
over time and extracting commonalities across multiple, overlapping episodes and 
thereby creating a generalized memory that is less specifically tied to the context they 
were acquired in, in other words they retain fewer (episodic) details. These ‘trans-
formed’ memories are represented in structures outside the hippocampus, are more 
resistant to interference and do not depend on the hippocampus (Wiltgen, Zhou et 
al. 2010, Winocur, Moscovitch et al. 2010, Sadeh, Ozubko et al. 2014). Memories 
that are rich in episodic detail and retain contextual specificity on the other hand, 
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will always remain dependent on the hippocampus (Nadel and Moscovitch 1997, 
Preston and Eichenbaum 2013, Moscovitch, Cabeza et al. 2016). Thus, both types 
of representations co-exist and interact dynamically in a way that a semantic memory 
may regain its specificity under certain conditions and reengage the hippocampus 
(Goshen, Brodsky et al. 2011, Moscovitch, Cabeza et al. 2016) (Fig 1.3).
Classic systems consolidation theory
Time
Multiple trace theory
Hippocampus
Neocortical modules
Hippocampus
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Figure 1.3 Contemporary models of systems consolidation Top panel: classic systems consolidation theory 
postulates that memories are initially encoded in a hippocampal-cortical trace. As time passes, memories 
consolidated into neocortical modules (purple circles) that be reactivated independently from the hippocampus 
(blue circles). The information content of the memory representation remains the same (black lines). Middle 
panel: multiple trace theory and trace transformation theory argue that a detailed episodic memory trace is 
always dependent on engagement between hippocampal and neocortical traces (hippocampus: blue circles 
with blue lines connecting hippocampus with neocortex; neocortex: purple circles). Repeated retrieval of these 
memories results in additional memory-related traces that persist, regardless of the age of the memory. In 
addition, neocortical traces become stabilized over time and represent semantic, or factual knowledge derived 
from multiple, overlapping episodic experiences (purple lines interconnecting cortical modules). Bottom panel: 
trace transformation theory is an updated version of multiple trace theory but omits the idea of multiple 
traces. Here, memories are transformed over time from detailed episodic memories to semantic, abstracted 
representations. These memories are dependent on the neocortex. However, if a memory retains its contextual 
specificity (green circles), the hippocampus will always be engaged in the retrieval of these memories.
Evidence from neuroimaging studies indeed demonstrated a decline in posterior 
hippocampal activity and an increase in neocortical activity when memories become 
more remote and this is accompanied by a loss of specificity (Viskontas, Carr et al. 
2009, Ritchey, Montchal et al. 2015). However, anterior hippocampal activity remains 
stable at a remote time point and is associated with increased recollection of specific 
details (Ritchey, Montchal et al. 2015).
Similarly, animal studies have shown that memories can become generalized over 
time (Wiltgen and Silva 2007, Winocur, Moscovitch et al. 2007, Alvares de Oliveira, 
Einarsson et al. 2012, Atucha, Vukojevic et al. 2017). One rodent study attempted 
to test a prediction of the trace transformation theory by training animals on two 
context-dependent tasks and test memory performance in the training context or 
novel context after a short or long interval (Winocur, Moscovitch et al. 2007). As the 
trace transformation theory predicts, memory is only impaired when the animals are 
tested in the novel context after a short interval. After a long interval, the generalized 
semantic version of the memory supposedly dominates and rescues performance 
(Winocur, Moscovitch et al. 2007). Interestingly, it might be that memories re-acquire 
contextual specificity after they are briefly reactivated by exposing the animal to the 
training context for a brief amount of time before testing at a remote time point. 
This also renders memories sensitive again to hippocampal manipulation (Alvares 
de Oliveira, Einarsson et al. 2012, but see Wang, Teixeira et al. 2009). Extending the 
findings from Winocur et al. (2007), Sekeres et al. (2018) found that c-fos levels in the 
hippocampus were increased for the training context but decreased levels for novel 
context at both recent and remote time points. The anterior cingulate cortex on the 
other hand, had similar c-fos levels for both contexts at both time points (Sekeres, 
Winocur et al. 2018). These results indicate that the hippocampus continues to be 
involved in context-specific retrieval of the memory at a remote time point. However, 
the memory trace in medial prefrontal cortex, although qualitatively different from the 
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hippocampal representation, guides behavior at remote time points. Similar findings 
were found in humans, who had viewed video clips and were tested at 0 or 7 days delay. 
Retrieval of previously viewed video clips continuously engaged the hippocampus with 
recall of vivid details independent of the delay between viewing of the clips and test. 
Activation of the medial prefrontal cortex as well as anterior hippocampus supported 
recall of less-detailed, more generalized details of the video clips at 7 days delay only 
(Sekeres, Winocur et al. 2018). This is consistent with recent findings suggesting 
that the anterior hippocampus is involved in representing more global features of 
an experience and generalization of memory (McCormick, St-Laurent et al. 2015, 
Moscovitch, Cabeza et al. 2016, Sekeres, Winocur et al. 2018).
Context-guided memory retrieval
Recently, Preston & Eichenbaum (Preston and Eichenbaum 2013) and Eichenbaum 
(2017a, 2017b) proposed a different view on the role of the hippocampus and medial 
prefrontal cortex in memory processes and emphasized the potential role of multiple 
prefrontal-hippocampal pathways. The first pathway is the well-known monosynaptic 
projection from ventral hippocampus to all layers of the medial prefrontal cortex; 
two other routes consist of bidirectional connections between the hippocampus and 
medial prefrontal cortex, of which one route is connected via the nucleus reuniens 
and the other via the perirhinal cortex (to CA1) and lateral entorhinal cortex (to 
CA1 and CA3). The functional roles of each of these pathways are still not well 
understood (Gordon 2011, Eichenbaum 2017). However, the theory of context-guided 
retrieval proposes that the hippocampus is responsible for encoding and storing new 
memories, whereas the medial prefrontal cortex extracts common task ‘rules’ from 
multiple experiences that mediate the selection of appropriate memories for retrieval 
within the hippocampus organization. Context-defining information is sent from the 
ventral hippocampus to the medial prefrontal cortex, which selects the appropriate 
rule in order to engage the relevant context representation in the dorsal hippocampus 
(Place, Farovik et al. 2016). The information flows through bidirectional indirect 
connections via the nucleus reuniens, while also suppressing competing or interfering 
representations from perirhinal cortex and lateral entorhinal cortex (Preston and 
Eichenbaum 2013, Eichenbaum 2017, Eichenbaum 2017). 
Support for this view is partially derived from patient studies revealing that damage 
to the prefrontal cortex does not necessarily impair standard (episodic) memory 
tests (Szczepanski and Knight 2014). Instead, under circumstances with interference 
or distraction the deficits become visible. For example, learning a set of paired-
associates (AB) compromised learning of new paired-associates containing original 
elements (AC) (Shimamura, Jurica et al. 1995). In addition, when patients had 
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to learn two unrelated sets, the memory for one set still inferred with retrieval of 
the other set. These deficits can be viewed as a deficit in suppressing interfering 
memories (Shimamura, Jurica et al. 1995, Farovik, Dupont et al. 2008, Depue 2012, 
Navawongse and Eichenbaum 2013, Guise and Shapiro 2017). Indeed, Navawongse 
et al (2013) demonstrated that when the medial prefrontal cortex in rodents is 
inactivated, both appropriate and inappropriate object memory representations are 
retrieved, supposedly by the hippocampus who is able to retrieve memories without 
the cortex, but the ability to select the appropriate memory while suppressing the 
interfering representations (Navawongse and Eichenbaum 2013). In other rodent 
studies, it has been demonstrated that the medial prefrontal cortex establishes 
distinct neural ensembles to represent different behavioral contexts. Activity of these 
neural patterns reflects a switch in ‘rule’ or context and guides appropriate behavior 
(Rich and Shapiro 2009, Hyman, Ma et al. 2012). Similar to human studies, when 
the medial prefrontal is inactivated, rodents are not able to switch memory strategies 
in different behavioral contexts and this is marked by perseveration of the former 
strategy (Rich and Shapiro 2007, Rich and Shapiro 2009, Guise and Shapiro 2017). 
Bidirectional interactions between the hippocampus and medial prefrontal cortex is core 
to the model of context-guided retrieval. A study by Place et al. (2016) demonstrated 
support for this core tenet in a study that demonstrated functional connectivity between 
the hippocampus and medial prefrontal cortex in a context-guided memory task. Rats 
were trained to two distinct contexts and were subsequently presented with two 
objects of which one was rewarded. Correlations in the amplitude of the theta rhythm 
in both brain areas across a range of time shifts between the two signals, suggested 
that the hippocampus sent information to the medial prefrontal cortex about the 
context the rat was in. In turn, while the rat is evaluating object choices, ensembles 
in the medial prefrontal cortex sent information to the hippocampus, presumably to 
guide retrieval of the appropriate memory (Place, Farovik et al. 2016). However, the 
exact nature of the communication between the hippocampus and medial prefrontal 
cortex is currently unclear. It is highly likely however that communication is modulated 
by the nucleus reuniens. Indeed, recent evidence suggests a critical role for the 
reuniens in synchronization between the medial prefrontal cortex and hippocampus, 
with inactivation resulting in impaired memory encoding and retrieval, and sequential 
organization of prefrontal and hippocampal patterns (Xu and Sudhof 2013, Miao, Cao 
et al. 2015, Hallock, Wang et al. 2016, Angulo-Garcia, Ferraris et al. 2018).
The major part of this theory emphasizes the role of the medial prefrontal cortex in 
memory retrieval. However, how does it explain the function of this area in memory 
(systems) consolidation? Eichenbaum (2017) acknowledges the role of the medial 
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prefrontal cortex in the development of knowledge networks but suggests that this 
also always includes the hippocampus. A key function of the medial prefrontal cortex 
would be to detect and integrate conflicting information with existing networks over 
the course of learning. Recent, strong memories do not have that much competi-
tion with earlier memories yet but as memories become more remote, the medial 
prefrontal cortex becomes increasingly more important in integrating and updating 
these memories within the already existing knowledge network (Eichenbaum 2017). 
However, these ideas remain highly speculative at this point (Fig 1.4). 
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Figure 1.4 Potential prefrontal-hippocampal interactions in context-guided memory retrieval Left panel: When 
a contextual cue is presented, the nucleus reuniens is engaged in synchronization from the hippocampus to the 
medial prefrontal cortex to facilitate the transfer of information about context from the ventral hippocampus 
(bottom, blue circles) to the medial prefrontal cortex. Right panel: subsequently, the medial prefrontal cortex 
biases retrieval of specific contextual memories in the hippocampus while suppressing irrelevant memories 
(white circles). This process is facilitated by increased synchrony between the two areas modulated by the 
nucleus reuniens.
Semantic knowledge is acquired through abstraction of statistical regularities 
Constructing generalized knowledge or storing the gist of our experiences is an essential 
feature of an adaptive memory system. This generalized knowledge allows for flexible 
behavior in a changing, noisy environment and it is assumed that these memories are 
more stable and resistant to interference than episodic memory (Ritchey, Montchal 
et al. 2015, Richards and Frankland 2017). The complementary learning systems 
theory proposes that acquiring generalized knowledge depends on a gradual learning 
process requiring the interplay between the hippocampus and neocortex. Specifically, 
the hippocampus is more involved in the fast acquisition of novel information and the 
neocortex accumulates information over time and extracts structure based on the 
episodic events rapidly encoded by the hippocampus (McClelland, McNaughton et al. 
1995, Squire and Alvarez 1995, Ritchey, Montchal et al. 2015, Moscovitch, Cabeza 
et al. 2016). 
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The concept of extracting patterns across events has been described early on as 
a potential critical process for constructing knowledge networks (Posner and Keele 
1968). Indeed, lesions of the medial prefrontal cortex impair the acquisition of an 
odor discrimination task that requires a rat to extract information from overlapping 
paired-associates (DeVito, Lykken et al. 2010). Richards et al. (2014) attempted to 
examine extraction of patterns directly by developing a behavioral task that requires 
the animal to accumulate information from multiple events. In a modified version of 
the water maze, mice were trained on multiple platform locations that were drawn 
stochastically from a specific spatial distribution. A probe test conducted after a 
1-day delay demonstrated that mice were using the location of their most recently 
learned platform to guide their search behavior. Interestingly however, a 30-day 
delay demonstrated that mice did not use their separate episodic memories from 
previously learned platforms, but used an ‘averaged’ or generalized memory of the 
overall spatial distribution to guide their search. This indicates that with time, mice 
shift towards using a generalized, cumulative memory of their previous experiences 
to guide their behavior (Richards, Xia et al. 2014). These results putatively involved 
the neocortex, but how the neocortex is extracting abstracted information from 
detailed, overlapping experiences is currently not known. Some insight was presented 
by Morrissey et al. (2017), who attempted to investigate to what extent the medial 
prefrontal cortex is representing abstract versus detailed information during learning. 
Rats were trained on a task in which two different stimuli, a tone and a light cue, 
predicted a mild shock. Simultaneous recordings of neurons in the medial prefrontal 
cortex demonstrated that initially, ensembles code selectively for incidental details 
of the experience including the two different stimuli and the physical features of the 
environment. Over time, the ensemble gradually started to respond to the relational 
variables within the task (i.e. stimulus predicts shock) and became less sensitive to 
the different stimulus modalities. In addition, ensemble activity responded less to the 
physical environment and generalized the abstract knowledge to a novel environment 
without coding incidental details (Morrissey, Insel et al. 2017). This study implies 
that the manner in which medial prefrontal cortex represents abstract information is 
related to a transition from representing incidental details to representing abstract 
relationships. 
It is clear that as time passes generalized knowledge is gradually constructed, 
presumably in the neocortex, and this can be used to guide behavior and successfully 
predict future outcomes. However, our world consists of environments that vary in 
degree of stability thus solely relying on generalized knowledge may not also be 
beneficial.  In a computational model, Santoro et al. (2016) demonstrated the benefits 
of using generalized experiences or detailed, episodic experiences in a simulated 
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foraging task in which reward locations constantly changed within the environment. 
The agent was trained to search for the reward locations with two memory systems: 
a system with precise (episodic) memories of each reward location and a semantic, 
generalized system that stored information about the statistical distribution of the 
reward locations. They found that subsequent reward locations were best predicted by 
the agent’s episodic system after short delays between foraging trials. However, with 
longer delays the semantic system became more beneficial (Santoro, Frankland et al. 
2016). This shift over time in generalized memory over multiple instances is similar to 
what was observed in Richards et al. (2014). Interestingly however, if reward locations 
changed frequently in the environment, a rapid shift towards using the semantic 
system was more advantageous than in a static environment, independent of how 
much information had been accumulated in previous trials (Santoro, Frankland et 
al. 2016). Thus, behavior can be guided by both a specific episodic or a generalized 
semantic system depending on the passage of time and depending on which system 
is more predictive of a beneficial outcome within a particular environment. 
The above studies suggest an important role for the neocortex in learning statistical 
regularities. Although this thesis emphasizes the potential role of the neocortex 
in extracting statistical structure from overlapping experiences, there is literature 
available that suggests that the hippocampus is also to some extent capable of 
generalization and extraction of commonalities across events (Devito, Kanter et al. 
2010, Kumaran and McClelland 2012, McKenzie, Frank et al. 2014, Bowman and 
Zeithamova 2018, Sekeres, Winocur et al. 2018). A potential role for the hippocampus 
and other brain areas will be discussed in more detail in the General Discussion. 
Nevertheless, what is currently missing is direct physiological evidence on how the 
neocortex extracts statistical structure from multiple overlapping stimuli or events. 
In addition, sophisticated behavioral assessments are required to capture one of the 
core functions of memory systems, namely the ability to adapt in an ever-changing 
environment guided by previous knowledge (Hardt and Nadel 2018). The Richards 
et al. (2014) study developed a complex behavioral task that demonstrated that 
memory generalized based on statistics within the environment (Richards, Xia et al. 
2014). Presumably, the medial prefrontal cortex might have been engaged during the 
gradual construction of a semantic memory over time. However, this study lacked the 
technological sophistication to demonstrate this directly. Morrissey et al. (2017) on 
the other hand was successful in recording medial prefrontal cortex activity across 
longer time periods, but did so in a behavioral paradigm that is static and does not 
resemble a naturalistic setting. In other words, there is a strong need for combining 
complex behavioral assessments with cutting edge techniques in order to study the 
dynamics of memory. 
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Dynamics of memory in disease: memory processing is altered in humans with 
autism and in animal models of autism
A healthy memory system is core to an adaptive life in this world, but under certain 
circumstances, the memory system is compromised and processes information in a 
different way. Early evidence for the roles of the hippocampus and neocortex in systems 
consolidation came from lesion studies, or reversible inactivation studies. In other 
words, dysfunction tells us something about function. Accordingly, studying memory 
dynamics in models of disease will contribute to our fundamental understanding of 
memory processes in the healthy brain. Although several disorders have memory 
deficits as a core symptom, for the purpose of this thesis we will focus on autism, 
a complex condition typified by impaired social interaction, altered language and 
communication development and perseverant behaviors. Autism has been repeatedly 
associated with frontal lobe dysfunction and this may explain the frequently observed 
impairments in executive function and social recognition (Minshew and Keller 2010). 
In addition, memory processing may be altered in humans with autism, as indicated 
by difficulties in remembering details of past events but seem to have unimpaired or 
even superior memory for patterns and generalized, or gist-like, information (Boucher, 
Mayes et al. 2012). Animal models of autism have shown hippocampal-dependent 
(memory) impairments at the behavioral and physiological level (Balemans, Huibers et 
al. 2010, Balemans, Kasri et al. 2013, Arbab, Battaglia et al. 2018, Arbab, Pennartz 
et al. 2018) but also superior memory in a dentate gyrus-dependent task (Benevento, 
Oomen et al. 2017). Whether the neocortex is involved in altered memory processing 
in animal models of autism is currently unclear.  
Concluding remarks
To summarize, in a gradual process memories undergo modifications through 
systems consolidation. It is clear that the hippocampus is essential for acquiring 
novel information and the formation and retrieval of (contextually) detailed, episodic 
memories. The neocortex on the other hand, is also involved during the encoding 
stages of memory processing and might be critical for the gradual establishment of 
generalized, semantic memory and subsequently associative knowledge networks, 
through which novel information can be rapidly updated. Previous studies have 
emphasized the importance of specifically the medial prefrontal cortex
in establishing long-term memory networks by extracting patterns over time based 
on previous experiences, thereby creating a generalized representation of these past 
experiences. Novel behavioral paradigms and neuroscientific techniques such as 
electrophysiology, pharmacology, optogenetics and chemogenetic manipulation have 
been utilized to address the role of the neocortex in the formation of generalized, 
semantic-like memories in animal models (Tse, Takeuchi et al. 2011, Richards, Xia 
General introduction
33
et al. 2014, Morrissey, Insel et al. 2017). However, direct physiological measures for 
how semantic memories are gradually constructed in the medial prefrontal cortex 
starting from the initial phases of encoding is currently not existing. Importantly, there 
is strong need for more sophisticated behavioral assessments in order to fully study 
and comprehend memory dynamics. Thus, characterizing the dynamics of memory in 
sophisticated behavioral paradigms over multiple time-scales is crucial in unravelling 
how the brain organizes episodic and semantic memories. 
Thesis outline
The aim of this thesis is to assess semantic-like memory processes in mice. In 
Chapter 2, the validation of the Object Space task will be described (Genzel, Schut 
et al. 2017). This is a novel, multi-day behavioral paradigm to study semantic-like 
memory processes and is based on a mouse’s natural tendency to explore novelty in 
the presence of familiarity. Several studies have attempted to develop novel tasks in 
order to distinguish between episodic-like and semantic-like memory in rodents (Tse, 
Langston et al. 2007, Tse, Takeuchi et al. 2011, Wang, Tse et al. 2012, Richards, 
Xia et al. 2014). Although these studies have provided considerable insights into 
the role of mainly the medial prefrontal cortex in establishing and updating memory 
networks, there are some issues that need to be addressed. Both paradigms involve 
very lengthy training processes and obtaining results is a matter of several weeks. In 
addition, information can be acquired from mainly retrieval and updating, other stages 
of memory such as encoding and consolidation cannot be studied. Moreover, training 
animals in water is ill-suited for most physiological recording techniques. 
The Object Space task attempts to overcome these issues. Across multiple trials and 
days, mice are exposed to two different objects that are arranged in an overlapping 
spatial configuration, with one object consistently present in the same location and 
the other object moved to a novel object location with each trial. As the animal learns 
the stable object location, it will gradually develop a preference for exploring the 
novel object location that will accumulate across training days. Putatively, this will be 
associated with the construction of a cumulative, semantic-like memory that consists 
of a more generalized or abstracted representation of the overlapping information 
in space (the stable object location), based on the overlapping information that is 
present across individual events. In a single test trial 24hr after the final sample 
trial, the same spatial configuration is presented to the animal as in its most recent 
previous experience (the final sample trial). If mice use a one-event memory to guide 
their behavior at test, no preference should be expressed between either object 
location. However, a semantic-like cumulative memory should still guide the behavior 
of the animal towards the object location that is statistically more novel to them. It 
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will be shown in this Chapter that mice develop a cumulative memory by default and 
this memory representation is retained not only for 24hr but also for 3 days and even 
5 days after the final sample trial. The Object Space task will be the core paradigm 
for all subsequent studies.
In contemporary models of systems consolidation, extracting statistical regularities 
across multiple events is a proposed core function of the neocortex in establishing 
semantic-like memory and semantic knowledge networks (Winocur, Moscovitch et 
al. 2010, Moscovitch, Cabeza et al. 2016). Particularly, the medial prefrontal cortex 
has been established as key in constructing abstract memory representations 
based on individual elements that share certain features (Takehara, Kawahara et 
al. 2003, Rich and Shapiro 2009, Morrissey, Insel et al. 2017). Accordingly, it can 
be hypothesized that construction of a semantic-like memory in the Object Space 
task requires the medial prefrontal cortex. This will be investigated in Chapter 3, by 
using a chemogenetic approach to silence medial prefrontal cortex activity during the 
encoding and consolidation stages of the Object Space task. If the medial prefrontal 
cortex is necessary for the construction a semantic-like memory in the Object Space 
task, silencing activity should prevent the gradual build-up of memory across training 
days. Due to methodological constraints, we decided to terminate this experiment at 
an earlier stage.
The constraints in Chapter 3 resulted in an alternative design to study the necessity 
of the medial prefrontal cortex in the Object Space task. In Chapter 4, instead of 
attempting to prevent the accumulation of memory across training days, medial 
prefrontal cortex activity will be silenced at retrieval using optogenetics. It has been 
demonstrated previously that the medial prefrontal cortex is not only involved at the 
earlier stages of encoding but also at retrieval of memories, especially at more remote 
time points (Maviel, Durkin et al. 2004, Lesburgueres, Gobbo et al. 2011, DeNardo, 
Liu et al. 2018). Thus, silencing activity in the medial prefrontal cortex at the test trial 
might be sufficient to impair retrieval of the semantic-like memory. 
The robustness of the semantic-like memory in the Object Space task is evident, 
demonstrated by memory expression at more remote time points, namely 3 days and 
5 days after training. To study the dynamics of memory processes, it will be attempted 
in Chapter 5 to interfere with the robust memory representation by exposing the animal 
to a spatial pattern conflicting with the previously established pattern. In some cases, 
this interference trial will be followed by exposure to a novel environment. It has been 
previously established that this type of novelty can strengthen the consolidation of a 
recent experience (Wang, Redondo et al. 2010, Takeuchi, Duszkiewicz et al. 2016). In 
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a test trial, the animal is exposed again to the previously learned pattern to assess 
whether animals can still retrieve the original pattern, or if retrieval is disrupted by the 
conflicting pattern exposure and if this disruption is stronger if animals experienced 
novelty after the interference trial. According the complementary learning systems 
theory, catastrophic interference, or the complete erasure of a previous memory 
by novel information should not exists in biological systems because we have two 
complementary learning systems: the hippocampus and the neocortex. It can be 
hypothesized however, that exposure to a novel pattern creates a new memory that 
competes with the memory of the previous pattern at retrieval. This would result in 
reduced memory performance at test. This effect will be strengthened if the animal 
has experienced novelty after the interference trial. 
In Chapter 6, cell activity will be assessed over the course of learning using in vivo 
calcium imaging. With this novel, state-of-the-art technique one is able to study 
hundreds of cells over a period of days or even weeks. This major benefit makes 
this technique ideal to study memory processes over time. Calcium transients in 
the medial prefrontal cortex will be recorded during each training and test trial. 
Additionally, calcium transients will be recorded during intertrial intervals, or ‘rest’ 
periods in which the animal might display replay of neural activity that initially 
occurred during learning (Wilson and McNaughton 1994, Battaglia, Sutherland et al. 
2004, Peyrache, Battaglia et al. 2011). It can be expected that cell assemblies will 
form across training days that will gradually represent the overlapping information in 
space. This assembly activity might be strengthened through offline reactivations that 
promote consolidation of the information. 
Finally, to assess the translational value of the Object Space task, semantic-like 
memory processes will be investigated in a mouse model of autism in Chapter 7. The 
euchromatic methyltransferase 1 heterozygous knockout (Ehmt1+/-) mouse is a model 
for Kleefstra Syndrome, a complex condition typified by severe intellectual disability and 
autism (Kleefstra 2005). Previous work on Ehmt1+/- mice has demonstrated certain 
hippocampal-dependent learning disabilities, ex vivo hippocampal hyperexcitability 
and altered hippocampal dendritic spine architecture (Balemans, Huibers et al. 2010, 
Balemans, Kasri et al. 2013). On the other hand, one study found superior pattern 
separation abilities in these mice, indicating that cognitive abilities or impairments in 
these mice are not clear cut (Benevento, Iacono et al. 2016, Benevento, Oomen et al. 
2017). In addition, semantic-like learning abilities have not been studied yet in these 
mice. Therefore, Ehmt1+/- mice and wildtype controls will be trained in the Object 
Space task to further characterize the cognitive abilities, and in particular semantic-
like learning abilities, in this mouse model. 
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THE OBJECT SPACE TASK: A NOVEL BEHAVIORAL 
PARADIGM FOR SEMANTIC-LIKE MEMORY 
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ABSTRACT
Declarative memory encompasses representations of specific events (episodic-like 
memory) as well as knowledge extracted by accumulation over multiple episodes 
(semantic-like memory). To investigate how these different sorts of memories are 
created, we developed a new behavioral task in mice. The task consists of three 
distinct conditions (stable, overlapping, random). Mice are exposed to multiple 
sample trials, in which they explore objects in specific spatial arrangements. In 
the stable condition, the locations are constant during all sample trials; in the test 
trial, one object’s location is changed. In the random condition, object locations are 
presented in the sample phase without a specific spatial pattern. The key condition 
in this task is the overlapping condition, in which one location is shared (overlapping) 
between all trials while the other location changes during sample trials. We show that 
in the overlapping condition, instead of only remembering the last sample trial, mice 
form a cumulative memory of the sample trials. Here we could show that mice can 
accumulate information across multiple trials and express a long-term semantic-like, 
or abstracted, memory. 
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INTRODUCTION
Memories are stored and retrieved in different ways, depending on the age of memory 
and the character of memorized information. In episodic memory, the details of 
the memorized event are retained. Conversely, semantic memory extracts general 
knowledge across multiple events. Memory consolidation processes may promote a 
transition between these two types of memory organization (Frankland and Bontempi 
2005, Moscovitch, Cabeza et al. 2016). However, many tasks, especially for rodent 
subjects, cannot differentiate between the two, even though this differentiation is 
critical to further our understanding of memory mechanism (Hardt and Nadel 2018). 
And while much effort has been made into developing tasks testing aspects of 
episodic memory (what, where, when) (Dere, Huston et al. 2005, Kart-Teke, De Souza 
Silva et al. 2006, Langston, Stevenson et al. 2010, Salwiczek, Watanabe et al. 2010), 
few studies attempt to test semantic memory while controlling for individual event 
memories. We hope to address this gap with the Object Space task.
Most memory paradigms used in rodents can be trained in a short time (1-2 sessions), 
enabling one to determine exact timings of memory interventions. But many such 
protocols require aversive reinforcers, such as electrical shocks in fear conditioning 
or avoidance learning (Maren 2001, Tovote, Fadok et al. 2015) or other strong 
motivators such as water or food reward. Such learning incentives strongly drive the 
neuromodulatory systems, a fact often not considered in studies using these tasks 
(Martin-Soelch, Linthicum et al. 2007). In contrast, object recognition paradigms 
make use of a rodent’s natural tendency to explore more novel items, thus allowing 
for the investigation of memory processes without an intrinsic, difficult to control, 
side effect on motivation and emotion (Ennaceur and Delacour 1988, Warburton and 
Brown 2015).
Another critical factor determining influencing memory acquisition is the frequency 
of events the animal experiences. In some memory tasks, the animal is exposed 
to repeated training trials. Spatial memory tasks such as the watermaze consist 
of multiple sample trials for the rodent to learn the location of a hidden platform 
most commonly trained across multiple days (Morris 1984). The radial arm maze 
requires animals to repeatedly sample baited arms and their memory performance is 
assessed by the number of errors, namely the frequency of unbaited arm visits within 
a given trial; again, days to weeks of training are needed for the animal to perform 
above chance level (Olton 1987). Similarly, in some aversive conditioning paradigms, 
subjects undergo multiple pairings of a conditioned stimulus (CS) such as a tone or 
light with a mild foot shock (Ennaceur and Delacour 1988). In other memory tasks, 
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the animal only experiences a single event, which is the case in some fear memory 
paradigms, object recognition or object displacement memory (Okuda, Roozendaal et 
al. 2004, Roozendaal, Okuda et al. 2006, Beldjoud, Barsegyan et al. 2015). In object 
tasks, animals are allowed to explore two objects in a given environment for certain 
amount of time. After a delay, a short delay to assess short term memory or a delay 
of 24hr to assess long-term memory, one of the objects is either replaced by a novel 
object (testing object recognition memory) or moved to a novel location (testing object 
location memory). Memory is assessed by calculating the difference in exploration 
time of the (for rodents preferred) novel item/location versus the familiar. In tasks 
where the number of events the animal experiences varies greatly, it is unclear which 
part of the training was significant to the animal’s performance. Is only the most 
recent event memorized by the animal? Or can memory be accumulated across 
extensive time periods or multiple trials? 
These questions are key to understanding mechanisms of episodic-like vs. semantic-
like memory but they are difficult to address in most memory tasks (Hardt and Nadel 
2018). However, some recent work has attempted to study the accumulation of 
evidence across multiple events. An example is a modified version of the watermaze, 
in which evidence accumulation was assessed as mice were trained on multiple 
platform locations that were drawn stochastically from a specific spatial distribution 
and retrieval of ‘averaged’ memory of the learned platform locations was assessed 
after a 1-day or 30-day delay (Richards, Xia et al. 2014). Another example is paired-
associate learning in rodents, in which memory of flavor-place associations is gradually 
learned with repeated trials over weeks, but later updating can occur within one trial 
(Tse, Langston et al. 2007, Tse, Takeuchi et al. 2011, Wang, Tse et al. 2012).
Training procedures in these cumulative memory tasks are often lengthy and labor-
intensive. In addition, information can be mainly acquired from either retrieval and/or 
updating: encoding and consolidation processes are difficult to study. A water-based 
paradigm such as that of Richards et al. (2014), is ill-suited for electrophysiological 
recording of brain activity during learning. We overcame these limitations by developing 
a task designed to extract information from multiple, similar events accompanied by 
suitable control conditions. The task is a variation on the traditional object-place 
memory task, exploiting a rodent’s natural tendency to explore novel configurations. 
In the Object Space task, we manipulate the stability of different components of the 
experience (here specifically: object position), making them more or less amenable 
to accumulation across episodes. We developed task versions that are suitable for 
both rats and mice.
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In this new task, mice are allowed to explore two objects, presented, across multiple 
trials in a stable, overlapping or random sequence. In the stable condition, objects are 
always presented in the same location across sample trials (see Figure 2.2). In the 
test trial, after a delay, one object is moved to a novel location. We expect to see a 
preference for the object in the novel location in the test trial but no preference for either 
location over the course of training. This condition can be solved by remembering only 
the final sample trial (that is, using episodic-like memory or familiarity) or by creating a 
cumulative memory of all sample trials. The overlapping condition is our key condition. 
One object location remains stable across sample trials whereas the other object 
moves between one of three locations each sample trial. Importantly, the last sample 
trial shows the same configuration as the test trial after a delay. Thus, if the animal 
only remembers the most recent event it experienced, it will show no preference for 
either object location since both locations are familiar to the animal. Conversely, if the 
animal has accumulated the overlapping information of the stable location over time, 
it will still show a preference for the location less often shown. The control random 
condition consists of objects presented in random spatial configurations in which no 
patterns can be extracted and no place preference should develop.
The three conditions can be repeated multiple times in the same animals, thereby 
allowing for within-subject designs. Further, it is easy to combine behavioural training 
with physiological measures such as electrophysiology and other manipulations. This 
training protocol is repeated over the course of 4 days and a test trial follows 24hrs 
after the fourth training day. We further, ran a 4-week training paradigm and could 
show that cumulative memory was retained for at least 5days. 
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METHODS
Subjects
Male C57Bl6/J mice, 7-8 weeks of age at the start of behavioral training (Charles 
River) were group housed with ad libitum access to food and water. Animals were 
maintained on a 12hr light/dark cycle and tested during the light period. In compliance 
with Dutch law and Institutional regulations, all animal procedures were approved by 
the Centrale Commissie Dierproeven (CCD) and conducted in accordance with the 
Experiments on Animal Act. 
Behavioral training
Habituation
Animals were thoroughly handled in their second week after arrival in the animal 
facility. Each animal was actively handled daily for at least 5 minutes. We emphasize 
here that handling of the animals is extremely important. Picking them up by the tail 
is aversive and inadequate handling can affect the animal’s performance on multiple 
tasks (Gouveia and Hurst 2016). Mice were handled so that they typically climbed 
by themselves on the experimenter’s hands when taking them out of the home cage 
and out of the training arena (see handling video https://www.memorydynamics.
org/#/animal-handling/). After handling, animals were habituated to a square 
arena (75cmx75cm) for 5 sessions within 5 days (can also be performed in 3 days, 
see methods for implanted animals below). Some handling can be combined with 
habituation. However, a minimum of handling is needed beforehand for the habituation 
itself to be less fearful.  The walls and the floor were white or green to facilitate 
background subtraction in video analysis software. On the bottom side of the floor, 
magnets were placed in 4 locations for easy and consistent placement of the objects; 
objects were affixed to square metal plates (Fig 2.1). In the first habituation session, 
the animals were allowed to explore the box together with all cage mates for 30 
minutes. In the second and third session, they were placed in the box individually for 
10 minutes. In the final two sessions of habituation, two objects (towers made from 
Duplo blocks, not used in main experiment) were placed in the box at locations not 
used during training and the animals were allowed to explore for 10 minutes. 
Training
The Object Space task consists of three conditions: stable, overlapping and random 
as described above (see Fig 2.2). Conditions, sequences and locations (identity of 
stable and less stable or moved) were counterbalanced among animals and sessions 
and the experimenter was blinded to the condition (see Data Acquisition below). At 
the beginning of each session (5 days), cues were placed on the walls inside the box, 
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distributed intentionally non-symmetric and kept constant across all trials within one 
session. Thus, cues were typically not placed in the middle of each wall but would 
rather be distributed in a way that one cue would for example cover the lower left part 
of the wall while another cue would occupy the top right part of another wall. At least 
one 3D cue was placed above any of the walls to facilitate allocentric processing during 
the task. All cues were chosen to be high contrast and varied from session to session 
in general shape and geometry, to cater to the bad vision of rodents. A camera was 
placed above the box to record every trial and to allow for online scoring of exploration 
time. Behavior was manually scored as exploration when the animal approached and 
then touched/sniffed/climbed/sat upon the object. Extensive chewing of the object 
or grooming/sleeping while on the object would have not counted as exploration but 
also did not occur here.  Multiple experimenters were involved in the experiment and 
each separate batch of animals (n=8 per batch) was trained by either one constant 
experimenter or by at least 2 experimenters in a rotational schedule, these differences 
had no effect on the replicability of the results from one batch of animals to the next. 
In each condition, animals were allowed to explore two objects for 5 minutes with 
an inter-trial interval of 30min for mice. Mice were trained interleaved in groups of 4 
with two groups per day (morning/afternoon). Before the beginning of each sample 
trial, the box and the objects were thoroughly cleaned with 70% ethanol. Each sample 
trial consisted of a different pair of matching objects varying in height width, texture 
and material (including metal, glass, hard plastic and lacquered wood, see Figure 2.1 
for example objects) to keep exploration times constant across trials. Object sizes 
ranged from 4-26cm in height to 5-18cm in width. Objects were glued onto metal 
coasters and placed onto the magnets that were fixed on the floor of the arena. 
Objects were never repeated during the training period of one condition (1 session). 
This procedure was repeated in mice over the course of 4 consecutive days in which 
they were presented with either 3 sample trials per day (see supplemental materials) 
or 5 sample trials per day, thus accumulating in 12 or 20 total sample trials. The 
test trial, 24hr after the last sample trial, consisted of again two objects and animals 
were allowed to explore for 10min, however only the initial 5min were used (for 10min 
results see supplemental materials).
In total, 4 batches of each 8 animals were run, resulting in a total of 32 animals. 
In mice one animal was excluded after running the first experiment (3-trial version) 
due to exploration times of less than 5sec and never experienced the 5-trial version. 
Additionally, 8 mice were run on a 4-week version of the overlapping condition, with 
3 weeks of each 25 trials (5/d, Mo-Fri) and a final trial on Wednesday of week 4. The 
second weeks Monday (trial 26) as well as the final sample trial (trial 76) were run 
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with the same configuration as the previous sample trial to function as 3day and 5day 
test trials. All animals were included in the analysis.
Data acquisition
We developed an in-house program for training and scoring. The Object Scorer 
reads in previously prepared training sheets with the object and locations for each 
trial of each animal, presents this information at the beginning of each trial to the 
experimenter (see Fig 2.1) and automatically extracts exploration times from the 
manually-scored videos. Therefore, the operator cannot keep track of which animal is 
in which condition, and which is the stable vs. moved object for each trial, and he or 
she can be considered blind. Source code for the Object Scorer software is available 
at https://github.com/MemDynLab/Score. 
Figure 2.1 Object Space task materials Examples of objects used in the Object Space task. Objects vary in size, 
width, texture and material. Objects were placed in two of the four corners. On the right: example of the object 
scorer program with pop-up pre-trial (top) and with scoring (bottom).
Statistical analysis
The discrimination index (DI) used to assess memory performance was calculated as 
the difference in time exploring the novel object location and stable location divided 
by the total exploration time. This results in a score ranging from -1 (preference for the 
stable location) to +1 (preference for the moving object location). A score of 0 indicates 
no preference for either object location. To assess memory performance across all 
20 sample trials (pretraining), a repeated measures ANOVA was conducted including 
the factors condition, trial, and day. To test long-term memory in mice the final sample 
and test trial were included in a repeated measure ANOVA with factors condition and 
trial. When a significant main effect or interaction was found, one sample t-tests were 
performed to analyze memory performance with respect to chance level in the last 
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sample trial and test trial. The 4-week overlapping training was analyzed with repeated 
measure ANOVA for week (each animal averaged across the week) for exploration time 
and discrimination index. Further, the two test trials (3day and 5day) were tested to 
chance level with a one sample t-test.
Stable OverlappingRandom
5min 5min 5min5min 5min 5min 5min 5min5min 5min5min 5min 5min5min 5min
Test TestTest
Figure 2.2 Trial structures for the 3 different conditions In the overlapping condition, one location remains 
constant across all sample trials and the test trial, the second location varies. The locations in the last sample 
trial and in the test trial are equal. In the stable condition, the locations remain the same in all sample trials and 
one object is displaced in the test trial. In the random condition, the locations were pseudo-randomly chosen 
to not allow extraction spatial patterns. One session consisted of 5 sample trials for 4 subsequent days and 
test trial 24hr later.
RESULTS
Mouse training: 5-day training paradigm
Mice were trained with 5-trials a day across 4 days, with a test 24hr later (n=31, 
Fig 2.2). A 3-trial version was also piloted (n=7, see supplemental materials). No 
differences in total exploration time were found between conditions or any interaction 
with condition but significant trial and day effects were seen during the 20 sample 
trials (condition F2,60=0.51, p=0.59; trial F4,120=15.25, p<0.001; day F3,90 =9.98, 
p<0.001; conditionXtrial F8,240=0.42, p=0.85, conditionXday F6,180=0.35, p=0.85; 
Fig 2.3A). In addition, there was a significant trialXday interaction on exploration 
time (trialXday F12,360=7.09, p<0.001) but importantly no 3-way interaction 
(conditionxdayxtrial F24,720=0.75, p=0.68).  Discrimination Index across sample 
trials (20 trials) showed a marginal significant trial effect and more importantly a 
significant trial x condition interaction (condition F2,60=0.52, p=0.52; trial F4,120=2.0, 
p=0.093; conditionXtrial F8,240=2.3, p=0.042; Fig 2.3B), indicating that only in the 
overlapping condition a build-up was seen during the 5 trials each day. All other main 
and interaction effects were not significant (day F3,90=0.93, p=0.43; conditionXday 
F6,180=0.87, p=0.52; conditionXdayXtrial F24,720=1.08, p=0.38), except for a significant 
trialXday interaction (F12,360=1.97, p=0.026). Concerning the final sample and test 
trial, there was a significant trialXcondition interaction effect (condition F2,60=2.0, 
p=0.14, trial F1,30=0.12, p=0.73; conditionXtrial F2,60=0.16, p=0.046). One sample 
t-tests indicated memory performance above chance for the stable condition at test 
(t30=3.0, p=0.005). Further, memory performance on both the last sample trial and 
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test in the overlapping condition was significantly above chance, indicating that mice 
accumulated memory over the course of training, which led to long-term memory 
expression at 24h (final sample trial t30=3.0, p=0.005; test t30=2.16, p=0.039). 
Finally, no significant effects were observed in the random condition (final sample 
trial: t30=0.68, p=0.5; test trial: t30=-0.34, p=0.73). Thus, both overlapping and 
stable training conditions led to significant memory expression at test 24h later with 
preferred exploration of the less stable object location, which was not seen in the 
random condition (Fig 2.3E&F). 
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Figure 2.3 Exploration time and memory performance in the Object Space task A. Panel: Exploration time 
over the course of all 20 sample trials and test trial for each condition. Alternating white and grey shaded 
areas indicate the individual training days and test day. The total exploration time per sample trial remained 
constant across conditions, however significant effects of trial, day and a significant trialXday interaction were 
observed (condition p=0.59; trial p<0.001; day p<0.001; trialXday p<0.001). B. Panel: Discrimination Index for 
all 20 sample trials and test trial across conditions. Alternating white and grey shaded areas indicate individual 
training days and the test day. C. Panel: Discrimination Index per sample trial over the course of all four training 
days across conditions. A marginal significant effect for trial has been found (p=0.09). More importantly, a 
significant conditionXtrial interaction was observed (p=0.042), indicating only a build-up of preference for 
the less stable location over the daily trials in the overlapping but not stable or random condition. D. Panel: 
Discrimination Index for each training day (the 5 sample trials for each training day averaged) and test day 
per condition. E. Panel: Discrimination Index at the final training trial and test trial, which showed a significant 
trialXcondition interaction (p=0.046). Memory performance was significantly above chance level in the over-
lapping condition for both the last sample trial and test trial (last sample p<0.01; test p<0.05). In the stable 
condition, only the test trial showed a significant effect (last sample p=0.59; test p<0.01). No significant effects 
were observed in the random condition (last sample p=0.50; test p=0.73). F. Individual data points for the last 
sample trial and test, same as E. Data are shown as mean ± standard error of the mean.
Mouse training: 4-week training paradigm
To test if our overlapping training led to a memory representation that lasts longer 
than 24hr, eight mice were additionally trained with 5-trials a day across 25 days, 
with a final test 5 days later (n=8, Fig 2.4 and 2.5). Both the second week’s Monday 
(trial 26) as well as the final trial (trial 76) were run with the same configuration 
as the previous sample trial to function as 3day and 5day test trials. Exploration 
time remained stable (week F2,14=0.4, p=0.96) and the discrimination index remained 
positive indicating decreased preference for the stable location in our overlapping 
condition (week F1.2,14=0.5, p=0.53). The 3day and 5day test showed that even after 
longer periods the abstracted memory representation is still expressed with both 
tests above chance level (3day t7=2.7, p=0.033; 5day t7=3.7, p=0.008).
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Week 1 Week 2 Week 3 Week 4
Object Space task: 4 weeks overlapping condition
5d Test
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Figure 2.4 Object Space task – 4 week overlapping training Trial structures for the four week version of the
overlapping condition. Across the four weeks, one location remains constant across all sample trials and the 
test trial, the second location varies (5 trials per day, 5 days for the first three weeks). The first trial on Monday 
in week 2 (trial 26) as well as the final trial on Wednesday in week 4 (trial 76) function as 3d and 5d test trial 
respectively.
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Figure 2.5 Object Space task – 4 week overlapping training A Panel: Exploration Time remained stable across 
the three weeks (p=0.96). B Panel: The discrimination index remains stable with preference for the less 
often shown location across the three weeks (p=0.5). C Panel: To control for episodic-like memory effects the 
locations in the last sample trials and in the tests trial are equal. Both 3day and 5day after training the animals 
show a significant cumulative memory effect with preference for the less often shown location (*p=0.033, 
**p=0.008). D. Discrimination index of each trial for the whole 4-week period. Data are shown as mean ± 
standard error of the mean
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DISCUSSION
Knowledge extraction is a gradual process that requires the experience of multiple, 
similar (or overlapping) events, in contrast episodic memory is by definition based on 
one event (Kart-Teke, De Souza Silva et al. 2006, Morris, Inglis et al. 2006, Wang, 
Redondo et al. 2010, Moscovitch, Cabeza et al. 2016). Much research has focused 
on testing episodic memories (Day, Langston et al. 2003, Kart-Teke, De Souza Silva 
et al. 2006, Langston and Wood 2010) and although some tasks have previously 
been developed to study cumulative memory, we attempted to develop a task that is 
simple and easy to implement, that allows for a time-saving within-subjects design 
and makes use of a rodent’s natural behavior without any external motivators. We 
have successfully demonstrated that the Object Space task can be used to test 
for cumulative memory and contains both a positive control condition (the stable 
condition) that can be solved with a single event (as well as cumulative memory) or 
recency memory as well as a random condition as negative control. By the end of 
training, both rats and mice show cumulative memory in the overlapping condition, 
indicated by a positive DI in the test trial. DI in the stable condition is, as expected, 
only biased in the test trial. Finally, object locations in the random condition were 
treated without preference by the animals. 
Because the same configuration is used as in the last sample trial, the test trial 
provides a control for any recent memory-like effects in our overlapping condition, 
clarifying whether the animal uses accumulated memory over the course of learning 
instead of their most recent experience to guide their behavior. If the animal shows no 
preference for either object location at the test trial, it can mean two things. Either the 
animal behavior is guided by remembering its most recent experience or the animal 
has not acquired a long-term, cumulative memory. Even though we cannot assume that 
the encoding strengths for the stable and overlapping condition are exactly the same, 
the stable condition does help to differentiate these two effects, since if the animal 
can retain a memory of the most recent experience but not a cumulative memory it 
still will be above chance in this condition. One could argue that the different training 
conditions result in different types of memories (e.g. abstracted for overlapping and 
episodic for stable) and thus a direct comparison with an ANOVA is not warranted 
and only a t-test to chance for each condition is critical to test for significant memory 
expression. Here, however, this distinction is of no importance since both approaches 
show significant results. Thus, all three conditions together (overlapping, stable and 
random) enables us to test if an animal under current conditions can remember an 
event and/or a cumulative memory. We further have expanded the approach in mice 
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and showed, that the abstracted memory in the overlapping condition is not only 
expressed 24h later, but is retained for longer time periods as seen in the 3day and 
5day tests.
While mice require multiple sample trials across multiple days to acquire cumulative 
memory in this task, rats require just one day of training consisting of 5 sample trials 
in total. Despite this difference in training duration and the definite slower learning 
curve in mice, we see it as an advantage that this task can be used in both rodent 
types. Several studies have compared performance in various (complex) tasks in rats 
and mice and often concluded that mice cannot perform as well as rats (Whishaw 
and Tomie 1996, Cressant, Besson et al. 2007, Carandini and Churchland 2013). 
However, as we show in our task, by adapting the protocol mice are able learn this 
task and retain the information over longer time periods, thereby expanding the 
opportunities for the use of this task in numerous animal models, taking advantage 
of the extensive molecular and genetic toolbox currently available for mice. Despite 
these differences in training duration, we expect that learning in this task underlies 
similar mechanisms in both rats and mice. However, we cannot draw any conclusions 
on this until further research has been conducted.
In addition to adapting the task to rats and mice, we developed a software to track the 
exploration behavior and allow for online scoring of exploration periods. The program 
automatically reads in pre-defined trial structures and only informs the experimenter 
about the objects and locations used right before each trial. Combining this approach 
with interleaved testing of several animals during one experimental session, we 
effectively blind the experimenter with respect to the condition in the current trial and 
therefore enable them to score exploration behavior online without introducing an 
experimenter bias.
This task will allow for the investigation of the neural circuits contributing to cumulative 
and event memory, a subject that will be more thoroughly addressed in Chapter 3, 
Chapter 4 and Chapter 6. In contrast to water-based paradigm such as that of Richards 
et al (2014), this task is well-suited for the application of methods for recording brain 
activity, such as in vivo calcium imaging, during various stages of learning (Chapter 
6). Further, this task is especially suitable as memory conditions tapping into memory 
accumulation vs. event memory can be presented in the same spatial layout and with 
very similar overall behavior, as indicated by the lack of difference in total exploration 
time across conditions. This will allow the investigation of how the brain represents 
such statistical patterns ranging from random movement, extractible statistics to very 
stable representations, expanding on previous research such as Deshmukh et al. 
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(Deshmukh and Knierim 2013). Using stable object configuration across a week, 
they provided tantalizing evidence for ‘memory’ cells during test trials, in which one 
object was moved. Similar analysis performed within the different Object Space 
task conditions, could help differentiate how stable an object has to be for such a 
phenomenon to be observed.
Previous studies have provided evidence that the hippocampus is more involved 
in the processing of recent experiences that include episodic details, whereas the 
prefrontal cortex accumulates information from multiple, similar experiences, thereby 
creating a more stable but also more generalized memory over time (Frankland 
and Bontempi 2005, Tse, Langston et al. 2007, Wang, Tse et al. 2012, Preston 
and Eichenbaum 2013). We can hypothesize that successful performance on the 
overlapping condition involves the integration of multiple or all events in the prefrontal 
cortex, thereby creating a stable representation of the overlapping object location in 
space. While the classic version of our stable condition, namely 24hr object location 
memory, is usually described as a hippocampal-dependent task we cannot assume 
that our stable condition is also dependent on the hippocampus due to the increased 
number of sample phases (Mumby, Gaskin et al. 2002, Assini, Duzzioni et al. 2009, 
Haettig, Stefanko et al. 2011, Haettig, Sun et al. 2013). Object location memory 
requires the animal to experience only one event, in the Object Space task the animal 
experiences multiple events of the same spatial configuration. Thus, both the most 
recent experience and the cumulative memory of the events can be used to guide 
behavior. 
In conclusion, the Object Space task can be used to study cumulative memory in 
mice. Mice require multiple days of training in order to learn this task. Although we 
can speculate about a critical role of both prefrontal cortex and hippocampus to 
acquire cumulative memory in the object space task for both rodent types, the neural 
mechanisms underlying memory performance will be determined next. Accordingly, 
in the next two Chapters, the necessity of the medial prefrontal cortex in acquisition 
(Chapter 3) and retrieval (Chapter 4) of semantic-like memory in the Object Space 
task will be assessed. 
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SUPPLEMENTAL MATERIAL
Mouse training: 3 sample trials per day 
Initially, we trained mice (n=7) with 3x 5min sample trials per day for each condition 
(Suppl. Fig 2.1). Exploration time of animals over the course of training was not 
significantly different between conditions but did show a significant trial effect 
(condition F2,12=0.8, p=0.47; trial F12,72=14.3, p<0.001; conditionXtrial F24,144=0.56, 
p=0.95). Discrimination index averaged for each day showed a significant effect 
of condition (condition F2,12=6.2, p=0.014, day F4,24=0.84, p=0.51; conditionXday 
F8,48=0.6, p=0.78). Focusing on the final training and test trial, again a significant 
effect of condition was found (condition F2,12=4.6, p=0.033, trial F1,6=1.75, p=0.23; 
conditionXtrial F2,12=1.3, p=0.31). Performance in the overlapping condition was above 
chance at the final sample trial but not at the test trial (final training trial: t6=4.2, 
p=0.006; test trial: t6=1.2, p=0.27), Furthermore since we did not observe even 
a numerical effect on the stable condition (final training trial: t6=0.6, p=0.57; test 
trial: t6=-1.5, p=0.18, random final training trial: t6=-1.6, p=0.16; test trial: t6=-0.1, 
p=0.99), indicating that there was no 24hr long-term memory effect after training. 
Together these results suggest that more extensive training is needed for mouse 
subjects, therefore we chose to train the mice on 5 sample trials per day instead of 3.
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Supplemental Figure 2.1. Object Space task with 3 sample trials per day Left panel: Trial structures for the 
three different conditions. In the overlapping condition, one location remains constant across all sample trials 
and the test trial, the second location varies. The locations in the last sample trial and in the test trial are equal. 
In the stable condition, the locations remain the same in all sample trials and one object is displaced in the 
test trial. In the random condition, the locations were pseudo-randomly chosen to not allow extraction spatial 
patterns. One session consisted of 3 sample trials for 4 subsequent days and test trial 24hrs later. Top right 
panel: Exploration time over the course of all 12 sample trials and test trial per condition. Exploration time 
was not significantly different between conditions but did show a significant trial effect (trial p<0.001). Mid 
right panel: Discrimination Index averaged across training days and test day for each condition. Discrimination 
index averaged for each day showed a significant effect of condition (condition p=0.014). Bottom right panel: 
Discrimination Index at the final sample trial and test for each condition. A significant effect of condition was 
found (condition p=0.033). Performance in the overlapping condition was above chance at the final sample trial 
but not at the test (final sample trial: **p=0.006; test: p=0.27), Furthermore, we did not observe a significant 
increase in memory performance on the stable condition test (final sample trial: p=0.57; test:  p=0.18, random 
final sample trial: (p=0.16; test: p=0.99), indicating that there was no 24hr long-term memory effect after 
training. Data are shown as mean ± standard error of the mean. 
Memory performance analyzed across the 10min test trial
Mice were allowed to explore for 10min during the test (Suppl. Fig 2.2). Focusing on 
the last sample trial and test, a marginal trial X condition interaction effect was found 
(trail F1,30=0.06, p=0.8; condition F2,60=1.56 p=0.22; trial X condition F2,60=2.88, 
p=0.064). In addition, memory performance was significantly increased in the stable 
condition at test, indicating 24hr memory can still be observed with the 10min test 
(stable final sample trial t30=0.289 p=0.78; test t30=3.01, p<0.01; random final 
sample trial t30=0.68, p=0.5; test t30=-0.53, p=0.59). Performance at the final sample 
trial was significantly increased in the overlapping condition (t30=2.62, p=0.014) and 
a marginal effect was observed at test (t30=1.83, p=0.077). Thus, even though we 
can still observe the memory effects with a 10min test compared to a 5min test, the 
observed effects are stronger for the first 5min compared to the whole 10min test. 
Compared to the data from the 5min test, these results indicate that analyses from 
the full 10min of test are not able to demonstrate the memory effects as strongly 
as we observe during the first 5min of the test. Mice spend more time exploring the 
object location that is more novel to them in the beginning of the test. Then the time 
spent exploring the familiar object increases as the 10min test progresses. Hence, a 
5min test is a better representation of memory performance in the Object Space task.
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Supplemental Figure 2.2 Discrimination index at 10min test Focusing on the final sample trial and test, a 
marginal trial X condition effect was found (p=0.064). In the stable condition, memory performance was signifi-
cantly increased during test (**p<0.01). Performance at the final sample trial was significantly increased in the 
overlapping condition (*p=0.014) and a marginal effect was observed at test (◊p=0.077). Data are shown as 
mean ± standard error of the mean.
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ABSTRACT
The Object Space task is a novel paradigm for semantic-like memory processes in 
mice, accompanied with appropriate control conditions. In this task, mice are exposed 
to two objects arranged in a spatial configuration with an overlapping pattern across 
multiple trials for multiple, consecutive days. It has been demonstrated previously 
that animals extract the spatial pattern based on multiple events over the course of 
training, resulting in a semantic-like or abstracted memory of the pattern. Previous 
studies have demonstrated a specific role for the medial prefrontal cortex in extracting 
patterns across multiple events, a process critical for establishing generalized 
knowledge about our world and essential to adaptive behavior in an ever-changing 
world. However, it is currently not known whether the medial prefrontal cortex is 
necessary for acquiring the spatial pattern in the Object Space task. In this chapter, 
we sought to investigate whether silencing the medial prefrontal cortex over the 
course of training disrupts encoding and prevents the construction of the semantic-
like memory. Using a chemogenetic approach, animals were treated with either 
clozapine-n-oxide (CNO) to silence brain activity or saline in a within-subjects design. 
Both CNO- and saline-treated mice were not able to express an abstracted memory 
over the course of training or test, possibly due to increased stress from repeated 
i.p. administration. Results are discussed in light of recent evidence questioning the 
efficacy of chemogenetic approaches associated with CNO treatment in vivo. 
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INTRODUCTION
Contemporary models of systems consolidation suggest that the hippocampus and 
neocortex are both actively involved in the encoding of new experiences. However, 
the manner to which these brain areas organize memories are completely different. 
While the hippocampus organizes memories according to a spatio-temporal layout, 
the neocortex is thought to be important for extracting statistical regularities of an 
environment, thereby generating an abstracted representation based on multiple 
episodic experiences (McClelland, McNaughton et al. 1995, Frankland and Bontempi 
2005, Winocur, Moscovitch et al. 2010, Moscovitch, Cabeza et al. 2016). 
We have demonstrated in Chapter 2 that animals are able to extract a spatial pattern 
within space based on multiple experiences in the Object Space task, resulting in a 
semantic-like, abstracted memory that is expressed at recent (24hr) but also at more 
remote time points, namely 3 days and 5 days after training. Whereas multiple brain 
areas have been involved in object-related memory processes, such as perirhinal 
cortex and the hippocampus, the medial prefrontal cortex is thought to have a specific 
role for abstracting or generalizing information over the course of multiple, similar 
events (Ranganath and Ritchey 2012, Richards, Xia et al. 2014, Moscovitch, Cabeza 
et al. 2016, Morrissey, Insel et al. 2017). However, it is currently unclear whether the 
medial prefrontal cortex is necessary for establishing the abstracted memory in the 
Object Space task. Thus, we sought to investigate whether silencing activity in this 
area would be sufficient to impair encoding and consolidation in the Object Space 
task. 
Multiple tools can be utilized to manipulate brain activity, with each its benefits and 
disadvantages. While optogenetic approaches have millisecond time-scale precision 
in manipulating brain activity and thus would be highly suitable for targeting memory 
retrieval processes, chemogenetic approaches combine the benefits of conventional 
pharmacological intervention with advantages of contemporary viral-based approaches 
for multi-hour silencing or activation of cell-type specific neural activity. Designer 
Receptors Exclusively Activated by Designer Drug (DREADD) technology has been 
described as a powerful technique for reversible, cell-type specific manipulation of 
small or large populations of neurons over a time course of several hours (Armbruster, 
Li et al. 2007, Burnett and Krashes 2016, Roth 2016). Multiple type of DREADDs 
exist today that are activated by clozapine-n-oxide (CNO), a pharmacological metabolite 
of the atypical antipsychotic drug clozapine, which can successfully excite or inhibit 
populations of neurons in the brain for multiple consecutive hours (Sternson and Roth 
2014). Considering that mice are trained for 5 sample trials per day with a 30min 
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intertrial interval, a chemogenetic approach is highly suitable for long-term silencing 
of neural activity. Hence, we decided to silence activity of the medial prefrontal cortex 
over the course of training in the Object Space task using the inhibitory DREADD 
Hm4Di. It should be noted however that it is highly likely that encoding as well as 
consolidation processes will be affected by CNO treatment since the active window of 
CNO efficacy cannot be accurately controlled. 
In these experiments, we trained 3 different cohorts of mice in the Object Space 
task. This novel behavioral paradigm is designed to investigate semantic-like memory 
processes by exposing mice to a spatial pattern consisting of two objects across 
multiple trials for 4 consecutive days. Patterns are arranged so that one object always 
remains in the same location (stable object) while the other one is always moved 
to a novel location in each trial (moved object). Across multiple experiences, mice 
extract the overlapping information and gradually develop a preference for exploring 
the moved object, which will always be more novel, versus the stable object (Genzel, 
Schut et al. 2017). This becomes more explicit at the test trial 24hr after the last 
training day, which consists of the same spatial configuration as the final sample 
trial the day before. The significant memory expression at test indicates that mice 
use an accumulated, or abstracted, memory to guide its behavior at test instead of a 
recent one-event memory. The overlapping condition explained here is accompanied 
by a positive control, in which mice are exposed to the same spatial configuration 
across trials with one object moved to a novel location at test (stable condition); and 
a negative control, consisting of spatial configurations arranged in a pseudo-random 
fashion so that no patterns can be extracted over the course of training (random 
condition) (Fig 3.1). Note that the stable condition is similar to classic object location 
memory, a hippocampal-dependent memory task. It might be tempting to argue that 
this condition resembles more episodic-like, hippocampal-dependent memory. We 
emphasize here again however, that behavioral performance at test in this condition 
can reflect the use of a recent one-event memory or an accumulation of multiple 
events. Hence, we do not suggest that this condition is an expression of episodic-like 
memory nor semantic-like memory exclusively. 
In a within-subjects design, animals were trained on multiple conditions and received 
either saline or CNO injections before the start of training to silence medial prefrontal 
cortex activity over the course of each training day. The first cohort of animals was 
infused with the inhibitory DREADD Hm4Di, targeting the prelimbic and infralimbic 
area of the medial prefrontal cortex. Because of inconclusive results with this cohort, 
we decided to transfect the anterior cingulate cortex in addition to the prelimbic cortex 
and infralimbic cortex in a second and third cohort of animals because this area has 
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also been implicated in memory abstraction and updating of existing knowledge (Wang, 
Tse et al. 2012, Richards, Xia et al. 2014). It was expected that animals who received 
CNO treatment would not be able to acquire cumulative memory in the overlapping 
condition of the Object Space task, providing proper transfection of the whole medial 
prefrontal cortex. In contrast, performance at test in the stable condition should not 
be affected by the treatment as this condition does not necessarily depend on the 
retrieval of an abstracted memory. Random condition should not be affected by CNO 
treatment. 
Importantly, the current experiments were terminated after repeated observation of 
disrupted memory performance in the control group, possibly due to increased stress 
from i.p. administration (Stuart and Robinson 2015, Atsak, Guenzel et al. 2016). In 
addition, the publication of a study in the time of these experiments that questions 
the efficacy of chemogenetic approaches associated with CNO administration in vivo, 
emphasized the decision to conclude these experiments at an early stage (Gomez, 
Bonaventura et al. 2017). 
METHODS
Subjects
C57Bl6/J male mice, 8-12 weeks of age at the start of behavioral training (Charles 
River) were group housed with ad libitum access to food and water. Mice were 
maintained on a 12hr/12hr light/dark cycle. All animal procedures were approved 
by the Centrale Commissie Dierproeven (CCD) and conducted in accordance with the 
Experiments on Animal Act. 
Viral injection surgery
All virus aliquots were obtained from the University of North Carolina Vector Core 
(Chapel Hill, NC) and contained purified adeno-associated viral vector serotype 5 
(AAV5), under the control of the human synapsin promoter coding hM4Di(Gi) fused 
to the mCherry fluorophore (AAV5-hSyn-hM4D[Gi]mCherry). The titer was 4x10^13 
particles/ml. All animals received bilateral viral injections. Mice were anesthetized 
with 1.5% isoflurane gas/oxygen mixture and secured in a stereotaxic apparatus 
(Neurostar). Analgesia was administered before surgery and 24hr post-surgery 
(carprofen 4-5mg/kg). All stereotaxic coordinates described were relative to bregma. 
Holes were drilled using a dental drill and virus was delivered using a 10-ul syringe and 
metal needle (Hamilton, Chrom8 International BV), targeting medial prefrontal cortex. 
The injection volume (300-500nl at each location) and flow rate (0.1 µl/min) were 
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controlled by an injection robot attached to the stereotax (Neurostar). After infusion, 
the needle was kept at each injection site for 8-10 minutes to minimize upward flow 
and spread outside of the target area, then slowly withdrawn. Mice were given 2-3 
weeks of incubation to ensure proper viral transfection in medial prefrontal cortex 
somata. The first cohort of animals (n=7) were injected targeting prelimbic cortex and 
infralimbic cortex (AP + 1.9, ML +/- 0.45, DV -3.0 and -2.25). Injections of the second 
and third cohort (both n=8) were targeted at prelimbic cortex, infralimbic cortex and 
anterior cingulate cortex (AP +1.9, ML +/- 0.45, DV -2.5 and -1.75). 
Behavioral training
Mice were handled and habituation two weeks after surgery and one week prior to 
behavioral training. Briefly, each animal was handled daily for at least 5 minutes for 
5 consecutive days. Handling was concomitant with habituation to i.p. injections by 
administering one i.p. injection of saline daily for 5 consecutive days. After handling 
and i.p. injection habituation, animals were habituated to a square arena (75cmx75cm) 
for 5 sessions within 5 days. In the first habituation session, the animals were allowed 
to explore the box together with all cage mates for 30 minutes. In the second and 
third session, they were placed in the box individually for 10 minutes. In the final two 
sessions of habituation, two objects (towers made from Duplo blocks, not used in 
main experiment) were placed in the box at locations not used during training and the 
animals were allowed to explore for 10 minutes.
Details on behavioral training have also been thoroughly described in Chapter 2 and 
in Genzel et al. (2017). Briefly, animals in cohort 1 and cohort 2 were trained on all 
three conditions, stable, overlapping and random, in the Object Space task (Fig 3.1). 
Cohort 3 was only trained on the stable and overlapping condition. In each condition, 
animals were allowed to explore two objects for 5min with an inter-trial interval of 
30min. Before the beginning of each sample trial, the box and the objects were 
thoroughly cleaned with 70% ethanol. Each sample trial consisted of a different pair 
of matching objects varying in height width, texture and material. Objects were never 
repeated during the training period of one condition (1 session). The test trial, 24hr 
after the last sample trial, consisted of again two objects and animals were allowed 
to explore for 10min, however only the initial 5min were used for analysis. The Object 
Scorer software (described in Chapter 2) was used for online scoring and extraction 
of exploration times during all trials. Conditions and locations were counterbalanced 
among animals and sessions, and the experimenter was blinded to the condition and 
treatment.
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For the overlapping condition session, one object location was designated as the 
‘stable’ object location, indicating that in each trial over the course of the entire 
session one object was positioned in this location. The other object location (‘less 
stable’ or ‘moved’ object location), was positioned in any of the other possible object 
locations, in a pseudo-random fashion. In the stable condition, two objects remained 
in the same location across all sample trials but one object moved during test. Finally, 
in the random condition objects were placed in two different locations with each trial 
in pseudo-random manner. 
Treatment of saline and CNO during behavioral training
In a within-subjects design, all animals received treatment with either CNO or saline 
once daily over the course of training days (Fig 3.1). Conditions and treatment 
(CNO or saline) were counterbalanced across animals. On each training day, mice 
received an i.p. injection with either CNO dissolved in saline (Hello Bio Ltd. 3mg/kg 
i.p., 0.1ml/100gram) or saline (0.1ml/100gram) 15-30 minutes before the start of 
training. No injection was given at test. 
Test
Stable OverlappingRandom
TestTest
Figure 3.1 Trial structures for the three conditions and timing of drug administration In the overlapping 
condition, one location remains constant across all sample trials and the test trial, the second location varies. 
The locations in the last sample trial and in the test trial are equal. In the stable condition, the locations remain 
the same in all sample trials and one object is displaced in the test trial. In the random condition, the locations 
were pseudo-randomly chosen to not allow extraction spatial patterns. One session consisted of 5 sample trials 
for 4 subsequent days and test trial 24hr later. CNO or saline treatment was given 15-30min before the start 
of each training day. No treatment was given at test.
Histology
After the behavioral experiments, mice were transcardially perfused with phosphate-
buffered saline (0.1M) followed by 4% paraformaldehyde (PFA). Brains were fixed in 
PFA overnight and then transferred to 30% sucrose solution for cryoprotection. Coronal 
brain slices (50mm) were cut from the entire medial prefrontal cortex (between AP 
+3.0 - +1.0) using a cryostat (Leica Biosystems). Sections were mounted on gelatin-
coated slides and covered with a coverslip with FluorSaveTM Reagent (Merck Millipore, 
DE). Images were obtained using an advanced fluorescent microscope (Leica). 
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Statistics
The discrimination index used to assess memory performance was calculated as the 
difference in time exploring the novel object location and stable location divided by the 
total exploration time. This results in a score ranging from -1 (preference for the stable 
location) to +1 (preference for the moving object location). A score of 0 indicates no 
preference for either object location. To assess whether animals accumulated memory 
over the course of training, the discrimination index was averaged for each animal 
across all 20 sample trials (pretraining). Dependent factors total exploration time 
and discrimination index over the course of the 20 sample trials were assessed with 
repeated measure ANOVA’s including the within-subject variables treatment (2 levels: 
saline or CNO), condition (3 levels: random, stable and overlapping), day (4 levels: 
4 consecutive training days) and trial (5 levels: 5 daily sample trials). One sample 
t-tests were performed to analyze memory performance with respect to chance level 
for pretraining and test. 
RESULTS
Histology
Transfection of Hm4Di was in cohort 1 restricted to prelimbic cortex and infralimbic 
cortex, whereas cohort 2 exhibited expression of the inhibitory DREADD in these 
areas but also included the anterior cingulate cortex, as intended with the adapted 
injection protocol. Finally, in cohort 3, expression was either found unilaterally or 
restricted to the motor cortex, possibly due to methodological issues such as needle 
obstruction when transferring the syringe from one hemisphere to the other. Hence, 
while the intention was to add cohort 3 to cohort 2 for subsequent analysis, cohort 
3 was analyzed separately based on the histological verification. Representative 
pictures of transfected brain slices are depicted in Fig 3.2.
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Figure 3.2 Histological verification of Hm4Di expression in the medial prefrontal cortex A. Example histology 
image with strong expression of Hm4Di-mCherry expression in medial prefrontal cortex (coronal slices, scale bar 
50µm). B. Representative image of an animal from cohort 1. Expression of Hm4Di-mCherry is primarily located 
in prelimbic cortex and parts of the infralimbic cortex (coronal slices, scale bar 200µm). C. Representative 
histology image from a typical animal in cohort 2. Hm4Di-mCherry is widely expressed in throughout the medial 
prefrontal cortex, including prelimbic cortex, infralimbic cortex and anterior cingulate cortex (coronal slices, 
scale bar 200µm). D. Example histology image of an animal from cohort 3. Note that expression of Hm4Di is 
restricted to the motor cortex and only unilateral (coronal slices, scale bar 200μm).
Cohort 1: Hm4Di injected at infralimbic cortex and prelimbic cortex
Mice were trained on 5 trials per day across 4 days, with a test 24hr later (n=7, Fig 
3.3). Mice received an i.p. injection of CNO or saline 15 minutes before each training 
day. No injection was given before test. 
Exploration time
No differences in total exploration time were found between treatment, condition or 
any interaction with treatment or condition (Fig 3.1) (treatment F1,6=2.46, p=0.168; 
condition F2,12=0.965, p=0.409; treatment x condition F2,12=0.169, p=0.846; 
treatment x day F3,18=0.212, p=0.887; treatment x trial F4,24=0.392, p=0.612; 
condition x day F6,36=1.045, p=0.413; condition x trial F8,48=0.371, p=0.931; 
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treatment x day x trial F12,72=0.55, p=0.877; condition x day x trial F24,144=0.656, 
p=0.886; treatment x condition x day F6,36=0.134, p=0.95; treatment x condition x 
trial F8,48=0.50, p=0.85; treatment x condition x day x trial F24,144=0.335, p=0.999). 
Significant main and interaction effects of trial and day were seen during the 20 
sample trials (day F3,18=37.72, p<0.001; trial F4,24= 27.382, p<0.001; day x trial 
F12,72= 13.28, p<0.001; Fig 3.1). 
Memory performance
Discrimination Index across all sample trials (20 trials) showed no significant main 
effect of or interaction with treatment, indicating that saline- and CNO-treated animals 
did not perform differently over the course of training across conditions (Fig 3.3) 
(treatment F1,6=0.230, p=0.649; treatment x day F6,36=2.426, p=0.099; treatment 
x trial F4,24=0.741, p=0.574; treatment x condition x trial F8,48=0.893, p=0.529). 
However, a three-way interaction of treatment, condition and day was observed, possibly 
due to fluctuations in discrimination index over the course of days across conditions 
(treatment x condition x day F6,26=2.523, p=0.038). No main or interaction effects 
with condition, day or trial were observed, indicating that the mice did not accumulate 
memory over the course of training (condition F2,12=0.212, p=0.812; day F3,18=0.971, 
p=0.428; trial F4,24=0.466, p=0.760; condition x day F6,36=0.689, p=0.66; condition 
x trial F8,48=0.644, p=0.737; day x trial F12,72=0.335, p=0.98; condition x day x trial 
F24,144=1.151, p=0.298). 
One sample t-tests were performed to assess how mice performed with respect to 
chance level during pretraining and test for each condition (Fig 3.4). Both saline- and 
CNO-treated animals did not perform above chance level at pretraining or test in the 
overlapping condition, confirming that this group did not accumulate memory across 
training days (pretraining saline t6=0.211, p=0.84; CNO t6=2.302, p=0.061; test 
saline t6=-0.497, p=0.64; CNO t6=0.418, p=0.69). In addition, no significant memory 
performance was found in either treatment group at test in the stable condition, 
indicating mice could not retain a 24hr memory (pretraining saline t6=0.485, p=0.65; 
CNO t6=0.196, p=0.85; test saline t6=1.269, p=0.
251; CNO t6=-0.66, p=0.533). No significant effects were found in the random 
condition (pretraining saline t6=1.012, p=0.35; CNO t6=-0.75, p=0.49; test saline 
t6=1.996, p=0.09; CNO t6=-0.297, p=0.78). 
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Figure 3.3 Exploration time and discrimination index in cohort 1 A. Exploration time over the course of all 
20 sample trials and test trial for saline- (grey, circles) and CNO-treated groups (blue, triangles) in cohort 1 
(n=7). Alternating white and grey shaded areas indicate the individual training days and test day. No differ-
ences in total exploration time were found between treatment, condition or any interaction with treatment or 
condition but a significant main and interaction effects of trial and day were seen during the 20 sample trials 
(day p<0.001; trial p<0.001; day x trial p<0.001). B, C and D. Discrimination index over the course of all 20 
sample trials and test trial in each condition for saline- (grey, circles) and CNO-treated groups (blue, triangles). 
Alternating white and grey shaded areas indicate the individual training days and test day. No significant effects 
were found.E. Discrimination index during pretraining and at test in saline- (grey bars) and CNO-treated (blue 
bars) groups in the random (left), stable (middle) and overlapping (right) conditions in cohort 1 (n=7). Animals 
did not accumulate memory during pretraining (saline p=0.84; CNO p=0.061), nor did the mice express the 
memory at test (saline p=0.64; CNO p=0.69). Data are shown as mean ± standard error of the mean.
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Cohort 2: Hm4Di injected at prelimbic cortex, infralimbic cortex and anterior 
cingulate cortex
The results from cohort 1 indicated that mice in the control group did not accumulate 
or retain the abstracted memory, potentially due to stress with repeated i.p. injections 
(see Discusson). In cohort 2 (n=8), we decided to give the i.p. injection 30 minutes 
before the start of training instead of 15 minutes, to allow a longer recovery time 
before the mice entered the arena and presumably, reduce stress. In addition, 
histology from Cohort 1 revealed transfection of Hm4Di in primarily prelimbic cortex 
and infralimbic cortex (Fig 3.2). To transfect the entire medial prefrontal cortex, the 
anterior cingulate cortex was also targeted in the viral injection procedure. Mice were 
trained 5 trials per day across 4 days, with a test 24hr later (Fig 3.4). No injections 
were given before test. 
Exploration time
A significant effect of treatment on exploration time was seen (treatment F1,7=10.240, 
p<0.05). Although this was not observed in Cohort 1, reduced exploration could 
be a side-effect of CNO treatment (Gomez et al., 2017). Further, a main effect of 
day and trial, and a day x trial interaction was seen (day F3,21=10.941, p<0.001; 
trial F4,28=9.442, p<0.001; day x trial F12,84=21.665, p<0.001). All other main and 
interaction effects were not significant (condition F2,14=0.108, p=0.899; treatment x 
condition F2,14=0.183, p=0.834; treatment x day F3,21=0.301, p=0.825; treatment x 
trial F4,28=0.966, p=0.382; condition x day F6,42=1.351, p=0.257; treatment x condition 
x day F6,42=0.665, p=0.678; treatment x condition x trial F8,56=0.179, p=0.993; 
treatment x day x trial F12,82=0.7, p=0.747; condition x day x trial F24,168=0.269, p=1.0; 
treatment x condition x day x trial F24,168=0.489, p=0.979). 
Memory performance
Considering the discrimination index across all 20 sample trials, there were no 
significant effects of treatment or interactions with treatment, indicating that the 
saline- and CNO treated groups performed similarly across conditions (treatment 
F1,7=3.890, p=0.089; treatment x trial F4,28=2.448, p=0.069; treatment x condition 
F2,14=1.870, p=0.21; treatment x day F3,21=0.259, p=0.854; treatment x condition 
x day F6,42=0.575, p=0.758; treatment x condition x trial F8,56=0.488, p=0.860; 
treatment x day x trial F12,84=0.450, p=0.937; treatment x condition x day x trial 
F24,168=0.752, p=0.791). In addition, there was no significant effect of condition or 
any significant interaction with condition, indicating that mice from either treatment 
group did not accumulate memory over the course of training (condition F2,14 = 
0.578, p=0.574; condition x day F6,42=0.390, p=0.881; condition x trial F8,56=0.718, 
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p=0.674; condition x day x trial F24,168=0.778; p=0.76). Finally, no effects of day or 
trial were observed (day F3,21=0.225, p=0.878; trial F4,28=2.027, p=0.118; day x 
trial F12,84=0.290, p=0.99).
One sample t-tests were performed to assess how mice performed with respect to 
chance level during pretraining and test for each condition and confirmed that both 
treatment groups showed no significant memory performance during pretraining or 
test in the overlapping condition, indicating that saline-treated as well as CNO-treated 
animals did not accumulate memory over the course of learning (pretraining saline 
t7=1.057, p=0.33; CNO t7=-0.569, p=0.59; test saline t7=-0.829, p=0.43; CNO 
t7=-1.021, p=0.34). However, CNO-treated animals did retain 24hr memory at test 
in the stable condition (t7=2.607, p<0.05), whereas the saline-treated animals did 
not (t7=0.75, p=0.48). No significant effects were found in the random condition 
(pretraining saline t7=-0.767, p=0.47; CNO t7=1.165, p=0.28; test saline t7=-0.113, 
p=0.91; CNO t7=-0.552, p=0.59). 
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Figure 3.4 Exploration time and discrimination index in cohort 2 A. Exploration time over the course of all 
20 sample trials and test trial for saline- (grey, circles) and CNO-treated groups (blue, triangles) in cohort 2 
(n=8). Alternating white and grey shaded areas indicate the individual training days and test day. A significant 
effect of treatment on exploration time was seen (treatment F1,7=10.240, p=0.015. Further, a main effect of 
day and trial, and a day x trial interaction was seen (day F3,21=10.941, p<0.001; trial F4,28=9.442, p<0.001; 
day x trial F12,84=21.665, p<0.001). B, C and D Panel: Discrimination index over the course of all 20 sample 
trials and test trial in each condition for saline- (grey, circles) and CNO-treated groups (blue, triangles). 
Alternating white and grey shaded areas indicate the individual training days and test day. No significant 
effects were found. E. Discrimination index for pretraining and test in saline- (grey) and CNO-treated (blue) 
groups for each condition: random (left), stable (middle) and overlapping (right). CNO-treated mice performed 
significantly above chance level at test in the stable condition (*p<0.05). Notably, mice from either treatment 
group did not accumulate memory during pretraining salinep=0.33; CNO p=0.59), which is also reflected by 
chance level performance at test (test saline p=0.43; CNO p=0.34). Data are shown as mean ± standard 
error of the mean.
Cohort 3: DREADDs injected at IL, PL and ACC
Results from cohort 2 showed again no significant memory performance in the 
overlapping condition, regardless of treatment. However, the CNO-treated group did 
retain memory at test in the stable condition, the positive control. Due to the low 
number of subjects, another cohort of mice was used to confirm whether CNO-treated 
mice would be able to retain the memory in the stable condition but were unable 
to accumulate memory across days. Animals were only run on the stable and 
overlapping condition only. As will be later discussed, Gomez et al. (2017) suggested 
that long-term use of CNO can result in late-onset nonspecific effects, thereby 
complicating interpretability of the results. To minimize the number of injections 
required, we therefore decided to only run the animals on the overlapping condition 
and one of the control groups, namely the stable condition. 
Animals were transfected with Hm4Di in the medial prefrontal cortex, including the 
anterior cingulate cortex, prelimbic cortex and infralimbic cortex (n=8, Fig 3.5). Due to 
missing data points, one animal was excluded from statistical analyses. Mice received 
an i.p. injection of CNO or saline 30 minutes before the start of training. No injections 
were given before test. Importantly, histology showed that the expression of Hm4Di in 
most animals was restricted to the medial prefrontal cortex in one hemisphere only, 
whereas in others restricted to the motor cortex bilaterally. 
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Exploration time
No significant main or interaction effect of treatment on exploration time was seen, 
indicating that unilateral expression of Hm4Di was not sufficient to drive the same 
effects as bilateral expression of Hm4Di in medial prefrontal cortex  (treatment 
F1,6=1.008, p=0.354; treatment x condition F1,6=0.322, p =0.591; treatment x 
day F3,18=0.602, p=0.622; treatment x trial F4,24=0.50, p=0.736; treatment x 
condition x day F3,18=0.183, p=0.906; treatment x condition x trial F4,24=-0.280, 
p=0.888; treatment x day x trial F12,72=0.349, p=0.976; treatment x condition x 
day x trial F12,72=0.704, p=0.743). As with all previous experiments, a significant 
effect of trial and trial by day interaction was seen over the course of 20 sample 
trials (trial F4,24=12.799, p<0.001; day x trial F12,72=6.499, p<0.001). All other 
main and interaction effects were not significant (condition F1,6=0.002, p=0.966; 
day F3,18=1.239, p=0.325; condition x day F3,18=1.579, p=0.229; condition x trial 
F4,24=0.474, p=0.755; condition x day x trial F12,72=0.742, p=0.706). 
Memory performance
Considering the discrimination index across all trials, there was no significant effect 
of treatment or interaction between treatment and condition, indicating saline- 
and CNO-treated animals did not perform differently across conditions (treatment 
F1,6=3.909, p=0.095; treatment x condition F1,6=1.677, p=0.243). In addition, no 
significant effect of condition or interaction with condition was found, which implies 
that animals, regardless of treatment, were again not able to accumulate memory 
across training days in the overlapping condition (condition F1,6=0.116, p=0.745; 
day F3,18=0.258, p=0.854; trial F4,24=1.636, p=0.198;; treatment x day F3,18=0.524, 
p=0.671; condition x day F3,18=0.238, p=0.869; treatment x trial F4,24=0.440, 
p=0.779; condition x trial F4,24=0.960, p=0.447; day x trial F12,72=0.605, p=0.831; 
treatment x condition x trial F4,24=0.310, p=0.868; treatment x day x trial F12,72=0.797, 
p=0.652; condition x day x trial F12,72=0.978, p=0.478; treatment x condition x day 
x trial F12,72=1.018, p=0.442). A significant three-way interaction between treatment, 
condition and day was found, possibly due to large fluctuations in discrimination index 
across days in both conditions (F3,18=4.021, p=0.024). 
Finally, one-sample t-tests confirmed that indeed animals from both groups did not 
perform above chance level at pretraining in the overlapping condition (saline t7=-0.33, 
p=0.75; CNO t7=-1.190, p=0.27). In addition, the saline-treated group performed 
significantly below chance at test, which would imply that animals had a preference 
for the stable object location (saline t7=2.722, p<0.05). CNO-treated animals 
performed at chance level at test (CNO t7=-0.26, p=0.80). Finally, animals from both 
treatment groups did also not express memory at test in the stable condition, again 
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indicating mice did not retain a 24hr memory (pretraining saline t7=0.121, p=0.90; 
CNO t7=-1.298, p=0.24; test saline t7=1.251, p=0.25; CNO t7=-1.041, p=0.34).
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Figure 3.5 Exploration time and discrimination index in cohort 3 A. Exploration time over the course of all 20 
sample trials and test trial for saline- (grey, circles) and CNO-treated groups (blue, triangles) in Cohort 3 (n=7). 
Alternating white and grey shaded areas indicate the individual training days and test day. No significant main 
or interaction effect of treatment on exploration time was seen, however, as with all previous experiments a 
significant trial and trial x day effect were seen during the 20 sample trials (trial F4,24=12.799, p<0.001; day 
x trial F12,72=6.499, p<0.001). B and C Panel: Discrimination index over the course of all 20 sample trials 
and test trial in each condition for saline- (grey, circles) and CNO-treated groups (blue, triangles). Alternating 
white and grey shaded areas indicate the individual training days and test day. No significant effects were 
found. D. Discrimination index for pretraining and test in saline- (grey) and CNO-treated (blue) groups for the 
stable (left) and overlapping (right) conditions in cohort 3 (n=7). No significant effects were found, indicating 
that mice regardless of treatment group did not retain a 24hr memory in the stable condition (saline p=0.25; 
CNO p=0.34) or accumulated a memory across training days (pretraining saline p=0.75; CNO p=0.25). Mice in 
the saline-treated group performed significantly below chance at test (p<0.05), whereas CNO-treated animals 
performed at chance level (p=0.80). Data are shown as mean ± standard error of the mean.  
 
DISCUSSION
In this series of experiments, we attempted to study whether accumulation of 
a spatial pattern in the Object Space task requires intact function of the medial 
prefrontal cortex. We studied three separate cohorts of animals. In the first cohort, we 
transfected Hm4Di in prelimbic cortex and infralimbic cortex. In the second and third 
cohort, we also transfected anterior cingulate cortex in addition to prelimbic cortex 
and infralimbic cortex. To minimize the number of i.p. injections required, we trained 
cohort 3 only on the overlapping condition, the key condition, and the stable condition, 
one of the two control conditions. Animals from all cohorts received treatment with 
saline or CNO before the start of each training day in an attempt to silence medial 
prefrontal cortex activity during encoding each training day over the course of the 
week. No treatment was given at test. 
Generally, we expected that the control group would perform equally in each cohort and 
that memory performance would be comparable to performance of mice in Chapter 2. 
However, there was no significant memory performance found in any cohort’s saline-
treated control group. Specifically, there was no significant memory performance in 
the stable condition at test. In addition, in the overlapping condition saline-treated 
mice did not accumulate memory over the course of training. This prevents us from 
drawing any conclusions on this series of experiments. Finally, histological verification 
revealed proper transfection of the inhibitory DREADD in the areas targeted for cohort 
1 and cohort 2. However, in cohort 3 expression was restricted unilaterally to small 
parts of the motor cortex. 
Repeated i.p. injections may have caused increased amounts of stress in the animal, 
although we did not follow up on these observations by measuring increases in heart 
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rate corticosterone or defecation for example (Stuart and Robinson 2015). However, 
this could have vastly affected the animal’s behavior in both the control groups and 
in the CNO-treated groups. Indeed, it has been shown that repeated stress reduces 
performance on multiple memory tasks, including object recognition memory (Elizalde, 
Gil-Bea et al. 2008, Abush and Akirav 2013) and spatial memory (Luine, Villegas et 
al. 1994, Luine, Villegas et al. 1994, Kleen, Sitomer et al. 2006, Mika, Mazur et 
al. 2012). It has been described earlier that, at least in rats, animals can become 
sensitized rather than habituated to i.p. injections over repeated events (Gartner, 
Buttner et al. 1980, Azar, Sharp et al. 2011). In fact, a single i.p. injection is sufficient 
to disrupt memory retrieval (Atsak, Guenzel et al. 2016).
In addition, it is clear that the injection method plays an important role in inducing 
stress after i.p. injection, in both rats and mice, and that the physical restraint used 
during administration causes most of the stress (Meijer, Spruijt et al. 2006, Baek, Kwak 
et al. 2015, Stuart and Robinson 2015). The students who assisted in performing 
our experiments, were not experienced at the start of the experiment, which may have 
caused additional pain, misplacement of the i.p. injection or inappropriate restraint 
of the animal, thereby causing increased stress in the animals. However, even with 
more experience the repeated restraint or administration of i.p. injections may have 
sensitized the animals over the course of the experiment (Azar, Sharp et al. 2011, 
Baek, Kwak et al. 2015).
During these experiments, a study was published that questioned the in vivo 
mechanisms of action of CNO and demonstrated that CNO was unable to cross 
the blood-brain barrier. CNO’s active metabolite clozapine however, enters the brain 
and has high affinity for the DREADD but does not bind exclusively to the receptor 
(Gomez, Bonaventura et al. 2017). This study has many implications for future 
studies using DREADDs and the interpretability of already published studies. Due to 
the publication of this paper and other factors that may have implicated the reliability 
of the results, we decided to terminate the experiments described in this Chapter. 
Consequentially, we are missing several essential controls which further prevents 
drawing any conclusion about memory performance in the Object Space task after 
CNO treatment. A proper control would have been an additional group transfected with 
a control virus that received systemic CNO injections to assess the direct effects of 
CNO on behavioral performance. In addition, we did not verify whether CNO treatment 
resulted in inhibition of the medial prefrontal cortex. This would require for example 
electrophysiological recordings concomitant with CNO treatment in animals injected 
with the inhibitory DREADD. 
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The Gomez et al. (2017) study demonstrated that CNO did not cross the blood-brain 
barrier and had low affinity for both the excitatory DREADD Hm3Dq and the inhibitory 
DREADD Hm4Di. Rather, it rapidly converted to its active metabolite clozapine, 
which had high affinity for both type of DREADDs. Accordingly, systemic injections 
of clozapine decreased locomotion in animals injected with Hm4Di in the motor 
cortex, similar to that seen after systemic delivery of CNO (Gomez, Bonaventura 
et al. 2017). Importantly, the maximal concentration of clozapine in cerebrospinal 
fluid is reached after 2-3 hours. Accordingly, 1mg/kg CNO or 1mg/kg clozapine 
systematically delivered decreased locomotor activity 2 hours after injection, even in 
no-DREADD control animals. In a recent study, similar or even lower concentrations of 
clozapine also had a slight anxiogenic effect in rats (Ilg, Enkel et al. 2018). Therefore, 
systemically delivered CNO to activate DREADDs is highly unfavorable. 
Interestingly, our experiments only demonstrated a significant decrease in locomotor 
activity in the CNO-treated group within cohort 2, in which animals received bilateral 
injections of Hm4Di in the medial prefrontal cortex including prelimbic, infralimbic and 
anterior cingulate cortex. This effect was not observed in the other two experimental 
groups, with cohort 1 transfected with Hm4Di resulting in smaller spread of the 
DREADD or minimal transfection in cohort 3. Since the same dosage was used 
for each cohort (3mg/kg), it is likely that this effect was influenced by the size of 
the transfected area. In addition, we already observed reduced locomotion at the 
beginning of the training day, which is less than 1 hour after injection. Perhaps the 
differences in dosage could account for the discrepancy between our experiments and 
the Gomez et al. (2017) study. Circumventing the issues with systemically delivered 
CNO, intracranial delivery of CNO into the brain area of interest might be an option 
(Burnett and Krashes 2016). However, Gomez et al. (2017) confirmed specific binding 
to endogenous sites upon delivery of CNO, leading to inhibition of receptors including 
the 5-HT2a receptor and muscarinic M1, M3 and M4 receptors. In addition, local 
CNO-to-clozapine conversion could confound any results further, with potential binding 
of clozapine to endogenous targets. 
 
These results highlight the importance of including careful controls for future 
chemogenetic experiments, including a no-DREADD CNO only control. Do these 
limitations abolish the utility of DREADDs? Some recent papers, including Gomez et 
al. (2017) argue that despite these issues, DREADDs can still be used as a proper 
tool. Caution should be exercised though in study design and it is critical to include 
a no-DREADD CNO control group as well as a within-subjects cross-over design as we 
had already performed in our experiments (MacLaren, Browne et al. 2016, Manvich, 
Webster et al. 2018). Another consideration would be to use low subthreshold levels 
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of clozapine instead of CNO, which has high affinity for DREADDs but does not bind to 
other endogenous targets in the brain and does not result in reduced exploration in 
no-DREADD control groups (Gomez, Bonaventura et al. 2017).
Considering the evidence that systemically delivered CNO is not a favorable tool for 
activating DREADDs and that repeated i.p. injections may actually increase stress in 
rodents, we decided to design an experiment in which we could study the necessity 
of the medial prefrontal cortex in the Object Space task without using DREADDs. 
Accordingly, in Chapter 4 we have employed optogenetic inhibition of the medial 
prefrontal cortex using halorhodopsin in the Object Space task. To avoid the risk of 
damaged tissue due to overheating, we decided to only inhibit activity at retrieval 
instead of encoding.
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CHAPTER 4
OPTOGENETIC SILENCING OF THE MEDIAL 
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ABSTRACT
Contemporary models of systems consolidation propose that the neocortex is 
particularly involved in the gradual construction of abstracted memory representations 
based on multiple overlapping experiences. Whereas multiple neocortical areas are 
implicated in encoding new experiences, the medial prefrontal cortex appears to have 
a specific role in acquiring abstract memory representations over time that are based 
on multiple experiences that share particular features or relationships. Animals 
gradually form an abstracted memory representation over the course of training in 
the Object Space task that is retained at recent (24hr) and more remote time points 
(3 days and 5 days). The encoding but also retrieval of the abstracted memory might 
require the medial prefrontal cortex. Considering the increasing importance of the 
medial prefrontal cortex in retrieval as memories age, the importance of the medial 
prefrontal cortex in successful retrieval of an abstracted memory representation 
might become specifically apparent at more remote time points. Thus, silencing 
activity in this brain area at test might disrupt retrieval of the abstracted memory 
representation in the Object Space task. Animals were transfected with the inhibitory 
opsin halorhodopsin or the control virus mCherry and equipped with bilateral optical 
fibers for optogenetic silencing of the medial prefrontal cortex. Due to the low number 
of subjects and disrupted memory performance in the control groups, no conclusions 
can be drawn with respect to the necessity of the medial prefrontal cortex in retrieval 
of the abstracted memory in the Object Space task. 
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INTRODUCTION
Semantic memory is comprised of generalized knowledge extracted from multiple 
experiences that share commonalities. Generalized, or abstracted memory 
representations are critical for adaptive behavior. That is, retaining specific details 
of each event ever experienced is not very practical to predict future events in the 
ever-changing environments of our world. Instead, abstracted representations allow 
for better generalization to current and predicted future events (Moscovitch, Cabeza 
et al. 2016, Richards and Frankland 2017). 
Contemporary models of systems consolidation have proposed that the neocortex is 
involved in extracting overlapping information across multiple events, thereby creating 
a more abstracted memory representation over time (McClelland, McNaughton et al. 
1995, Winocur, Moscovitch et al. 2010, Moscovitch, Cabeza et al. 2016). Multiple 
studies have demonstrated a particular role for the medial prefrontal cortex in 
encoding new events and constructing generalized knowledge over the course of 
multiple, overlapping experiences. For example, trace conditioning studies showed 
that neurons in the medial prefrontal cortex gradually shift from representing individual 
details to representing more abstract features that are common across individual 
features. This shift takes place over the course of 2-3 weeks and is sustained without 
any additional training (Takehara, Kawahara et al. 2003, Morrissey, Insel et al. 2017). 
Similarly, neurons in the medial prefrontal cortex preferentially code for abstract 
rules that predict matching behavioral outcomes instead of representing individual 
features associated with the experience, such as visual cues (Rich and Shapiro 2009, 
Durstewitz, Vittoz et al. 2010).
The Object Space task is a novel behavioral paradigm for semantic-like memory in 
mice. Animals are able to express an abstracted memory that is accumulated over the 
course of multiple, overlapping events. This memory is retained for not only 24 hours 
but also for longer time periods, as demonstrated in the 3day and 5day tests. The key 
condition of this paradigm, the overlapping condition, consists of multi-trial, multi-day 
exposure of two objects that are arranged in an overlapping spatial configuration. 
Based on the assumptions mentioned above, it can be hypothesized that mice are 
extracting the overlapping information over the course of learning in order to gradually 
establish an abstracted memory, a process that may require the medial prefrontal 
cortex. However, it is currently unclear whether this brain area is necessary for 
the retrieval of the abstracted memory representation in the Object Space task. In 
addition, it has been suggested that the medial prefrontal cortex becomes increasingly 
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important for the retrieval of memories as they become more remote (Frankland and 
Bontempi 2005, Nieuwenhuis and Takashima 2011, Preston and Eichenbaum 2013). 
Thus, it might be that the medial prefrontal cortex is necessary for retrieval at more 
remote time points only. Whether the medial prefrontal cortex is specifically required 
for the retrieval of remote abstracted memories is currently not known. 
In the previous Chapter, chemogenetic approaches were employed to investigate the 
necessity of the medial prefrontal cortex in the encoding stages of the Object Space 
task. Due to methodological issues and impaired memory performance in the control 
group, we decided to terminate these experiments. Although we first decided against 
optogenetic manipulation because of the risk for tissue overheating due to long-term 
exposure to the yellow light used to activate the inhibitory opsin halorhodopsin, these 
potential detrimental effects could be avoided by minimizing the exposure to the 
laser (Wiegert and Oertner 2016, Wiegert, Mahn et al. 2017). Accordingly, instead of 
manipulation during encoding (over the course of the four training days), optogenetic 
inhibition was only performed at retrieval during a 5min test trial. Considering the 
increasingly important role of the medial prefrontal cortex for retrieval at more remote 
time points, silencing neural activity was performed at the 3day retrieval test. If 
retrieval during the overlapping condition indeed depends on the medial prefrontal 
cortex, it is expected that inhibition of this area disrupts memory performance at test. 
It should be noted that due to the small sample size it is not possible to draw any 
conclusion on the results that follow. 
METHODS
Subjects
C57Bl6/J mice, n=10, 8-12 weeks of age at the start of behavioural training (Charles 
River) were group housed with ad libitum access to food and water. Mice were 
maintained on a 12hr/12hr light/dark cycle. All animal procedures were approved 
by the Centrale Commissie Dierproeven (CCD) and conducted in accordance with the 
Experiments on Animal Act. 
Surgical procedures
All virus aliquots were obtained from the University of Pennsylvania Vector Core 
(Philadelpha, PA) and University of North Carolina Vector Core (Chaper Hill, NC). Viral 
vectors contained purified adeno-associated viral vector serotype 5 (AAV5), under the 
control of the calcium/calmodulin-dependent protein kinase type II alpha (CaMKIIa) 
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promoter coding halorhodopsin fused to the enhanced yellow fluorophore protein 
(AAV5.CamKIIa.eNpHR3.0-eYFP.WPRE.hGH) or the control fluorophore mCherry (AAV5.
CaMKIIa.mCherry). All animals received bilateral viral injections. 
Mice were anesthetized with 1.5% isoflurane gas/oxygen mixture and secured in a 
stereotaxic apparatus (Neurostar). All stereotaxic coordinates described were relative 
to bregma. Holes were drilled using a dental drill and virus (halorhodopsin or mCherry) 
was delivered using a 10µl syringe and metal needle (Hamilton, Chrom8 International 
BV), targeting medial prefrontal cortex. The injection volume (200-400nl at each 
location) and flow rate (0.1 ul/min) were controlled by an injection robot attached to 
the stereotax (Neurostar). After infusion, the needle was kept at each injection site for 
8-10min to minimize upward flow and spread outside of the target area, then slowly 
withdrawn. Animals were injected targeting anterior cingulate cortex, prelimbic and 
infralimbic cortex (AP + 2.0mm, ML +/- 0.5mm, DV -2.15 and – 1.8mm). 
In addition, all mice were implanted with bilateral ferrule-bound optical fibers (Thorlabs, 
200-µM diameter core, 0.39 NA). The fibers were implanted at -0.3mm dorsal to the 
site intended to receive light (AP +1.9mm, ML +/-0.5mm, DV -1.75mm 12˚angle) and 
fixed to the skull using a layer of metabond (C&B Metabond) followed by a layer of pink 
dental cement (Kemdent). Mice were given 2-3 weeks of incubation to ensure proper 
viral transfection in medial prefrontal cortex somata before behavioral training. Mice 
remained group-housed (n=4 or n=2) after surgery and for the complete duration of 
the experiment. 
Behavioral training
Habituation 
Mice were handled and habituated prior to behavioral training as described in Chapter 
2 and Genzel et al. (2017). Briefly, mice were handled so that they typically climbed 
by themselves on the experimenter’s hands when taking them out of the home cage 
and out of the training arena (see handling video https://www.memorydynamics.
org/#/animal-handling/). After handling, animals were habituated to a square arena 
(75cmx75cm) for 5 sessions within 5 days (can also be performed in 3 days, see 
methods for implanted animals below). In the first habituation session, the animals 
were allowed to explore the box together with all cage mates for 30 minutes. In the 
second and third session, they were placed in the box individually for 10 minutes. In 
the final two sessions of habituation, two objects (towers made from Duplo blocks, 
not used in main experiment) were placed in the box at locations not used during 
training and the animals were allowed to explore for 10 minutes. 
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In addition, mice were habituated to carrying two fiber-optic patch cables, which were 
attached to a 1x2 rotatory joint and connected to the laser (589nm, Shanghai Laser 
& Optics Century) via an FC/PC fiber coupled connection. The commutator and cables 
were fixed to a swivel system in order to balance the weight of the materials on the 
animal’s head. Starting from the second habituation session (individual habituation 
sessions), mice were attached to two fiber-optic patch cables and placed in an empty 
home cage to roam around freely for 10min before arena habituation commenced. 
This procedure was repeated for each subsequent arena habituation session. 
Training
Animals were trained on the overlapping condition only. One training and test session 
included 5 days of behavioral training followed by a 3day memory test. For each 
session, one object location was designated as the ‘stable’ object location, indicating 
that in each trial over the course of the entire session one object was positioned in 
this location. The other object location (‘less stable’ or ‘moved’ object location), was 
positioned in any of the other possible object locations, in a pseudo-random fashion. 
Locations of objects (identity of ‘stable’ and ‘less stable’) were counterbalanced 
among animals and sessions. At the beginning of each session (5 consecutive days 
of training followed by a 3day test trial on day 8), cues were placed on the walls inside 
the box, distributed intentionally non-symmetric and kept constant across all trials 
within one session. At least one 3D cue was placed above any of the walls to facilitate 
allocentric processing during the task. All cues were chosen to be high contrast and 
varied from session to session in general shape and geometry, to cater to the bad 
vision of the mice. A camera was placed above the box to record each trial and to 
allow for online scoring of exploration time. 
Before the start of behavioral training, a mouse was connected to two fiber-optic 
patch cables and placed in the same empty home cage used during habituation for 
10min. Then, it was allowed to explore two objects for 5min with an intertrial interval 
of 5-10min. This was repeated for 5 trials per day, for 5 consecutive days. Before 
the beginning of each sample trial, the box and the objects were thoroughly cleaned 
with 70% ethanol. Each sample trial consisted of a different pair of matching objects 
varying in height, width, texture and material. This procedure was repeated for 5 
sample trials each day, for 5 consecutivate days. The test trial, 3 days after the final 
sample trial, consisted of again two objects and the mouse was allowed to explore 
for 5min. After each mouse completed the 5 daily trials, the fiber-optic patch cables 
were detached from the animal’s implant and the mouse was allowed to return to its 
home cage.
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It should be noted that previous experiments were performed under similar 
circumstances, but with one important difference. During training days, mice were 
trained with a different swivel system, consisting of a single fiber-optic patch attached 
to the animal’s implant. This system was used over the course of training days. On 
the test day, the swivel system consisting of the commutator and bilateral fiber-
optic patch cables was used. Under these conditions, mice were trained on both the 
4-day training paradigm with test 24hr later (as described in Chapter 2) and on the 
3day memory test paradigm described here. While this procedure allowed for more 
efficient, interleaved, training, exploration time decreased at test compared to training 
days (see Supplementary Figure 4.1). Although a reduction in exploration time is 
usually found in the first trial of each day (regardless of training day or test day), it 
is highly likely that the switch in swivel systems contributed to this effect. The most 
important difference being the heavier weight of the commutator and bilateral fiber-
optic cable set up compared to the single cable set up. Consequentially, experiments 
were repeated with a lower number of subjects that were trained and tested with the 
same swivel system. Hence, only the results obtained from the 10 animals connected 
to the commutator set up throughout training and test are reported here. 
Optogenetic Inhibition
To allow for bilateral light delivery, the end of a 1x2 rotary joint (intensity division, 
Doric Lenses) was connected to a laser (589nm, Shanghai Laser & Optics Century) 
via a FC/PC fiber coupled connection. Two fiber-optic patch cables were connected to 
the split ends of the commutator, that were epoxied into ceramic ferrules which could 
then be connected to the animal’s implants via a ceramic sleeve. Laser stimulation 
occurred during the test trial only and consisted of continuous light for the entire 
duration of the test trial (5 minutes) at 3mW. Tested in a within-subjects design, light 
on and light off test trials were counterbalanced across all mice injected with halorho-
dopsin (Halo+) or the control virus (Halo-).   
Histology
After the behavioral experiments, mice were transcardially perfused with 1x phosphate 
buffered saline (PBS) followed by 4% paraformaldehyde (PFA). Brains were fixed in PFA 
overnight and then transferred to 30% sucrose solution for cryoprotection. Coronal 
brain slices (50um) were collected from the entire medial prefrontal cortex using 
a cryostat (Leica Biosystems) and prepared for immunohistochemistry to confirm 
viral expression and fiber optic implant locations. Brain slices were rinsed with 0.1M 
PBS (pH 7.4). Afterwards, slices were incubated in fresh blocking solution for 1hr, 
consisting of 1% bovine serum albumin, 2% normal goat serum and 0.2% Triton X-100 
in 0.1M PBS. They were then incubated overnight with rabbit polyclonal anti-GFP 
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(Abcam) diluted 1:2000 in blocking solution. The next day, slices were rinsed in 0.1M 
PBS, after which they were incubated for 1hr with secondary polyclonal antibody goal 
anti-rabbit Alexa Fluor 488 (Abcam). Finally, slices were rinsed again in 0.1M PBS 
and mounted on gelatin-coated slides, covered with a coverslip with FluoroShieldTM 
reagent containing DAPI (Sigma-Aldrich). Images were obtained using an advanced 
fluorescent microscope (Leica). 
Exclusion criteria
In order to assess any potential effects of silencing the medial prefrontal cortex on 
memory, it is important that animals have actually established a memory over the 
course of training. Thus, only animals that had a discrimination index (DI) above 0.05 
averaged across 25 samples trials (pretraining) per session (light on and light off) 
were included for subsequent analysis. Since each session was performed with a 
separate week of training, including a novel spatial configuration and environment, 
exclusion criteria were assessed for every animal across each separate condition. 
This implicates that some animals were excluded from one session and other animals 
for both sessions, depending on their memory performance during pretraining for that 
particular session. 
Statistics
The DI used to assess memory performance was calculated as the difference in time 
exploring the novel object location and stable location divided by the total exploration 
time. This results in a score ranging from -1 (preference for the stable location) to +1 
(preference for the moving object location). A score of 0 indicates no preference for 
either object location. Total exploration time and discrimination index over the course 
of the all sample trials were assessed with repeated measure ANOVAs, including 
the factors light, day, trial. One sample t-tests were performed to analyze memory 
performance with respect to chance level during pretraining (average discrimination 
index across all 25 sample trials) and test trial. A separate analysis for the effects of 
light delivery on exploration time was performed with a one-way ANOVA with exploration 
time at test as dependent variable and light as between-subjects factor. To analyze 
differences between light on and light off at test, pairwise t-tests were performed for 
Halo+ and Halo- separately. Independent t-tests were performed to analyze memory 
performance at test between Halo+ and Halo-.
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RESULTS
Exploration time and discrimination index across sample trials in all animals
Animals were trained on the overlapping condition of the Object Space task for 5 
consecutive days, followed by a 3day test trial on day 8. Animals only received light 
delivery during test to investigate the effects of optogenetic silencing of the medial 
prefrontal cortex on memory retrieval. Histology confirmed that expression of halorho-
dopsin was typically found in the medial prefrontal cortex (Fig 4.1). Exploration time 
was analyzed with a repeated measures ANOVA including within-subject factors light, 
day and trial, with virus (Halo+ and Halo-) as between-subjects factor (Fig 4.2A). Due 
to a missing data point from one animal in the Halo- group, groups consisted of 
Halo+ n=5 and Halo- n=4. Importantly, no significant differences in exploration time 
were found between Halo+ and Halo- across sample trials (F1,8=0.371, p=0.56). 
Equally importantly, no significant effect or interaction was found with light (light 
F1,8=0.456, p=0.57; light x virus F1,7=0.524, p=0.49; light x day F4,28=0.363=0.83; 
light x trial F4,28=0.142, p=0.96; light x trial x virus F4,28=0.269, p=0.89; light x day x 
trial F16,112=0.388, p=0.98; light x day x trial x virus F16,112=0.350, p=0.99). A signifi-
cant effect of day and trial and an interaction between day and trial was found, indi-
cating that mice gradually reduced exploration time across days (day F4,28=9.759, 
p<0.001; trial F4,28=24.345, p<0.001; day x trial F16,112=2.811, p<0.01; day x trial x 
virus F16,112=0.336, p=0.99; day x virus F4,28=1.045, p=0.40; trial x virus F4,28=0.438, 
p=0.78). 
Figure 4.1 Histological verification of halorhodopsin expression and bilateral optic fiber placement in medial 
prefrontal cortex Left: representative image of halorhodopsin expression (green) and DAPI (blue) in medial 
prefrontal cortex (prelimbic cortex, infralimbic cortex and anterior cingulate cortex) with appropriate bilateral 
optic fibers implanted (white dashed lines) at the targeted site (coronal slices, scale bar 500µm). Right: neurons 
in the medial prefrontal cortex transfected with halorhodopsin (green) and DAPI (blue) (coronal slices, scale 
bar 50µm).
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Concerning discrimination index across sample trials, a repeated measures ANOVA 
was performed including within-subject factors light, day and trial, with virus (Halo+ 
and Halo-) as between-subjects factor (Fig 4.2B). Importantly, no significant effects 
between Halo+ and Halo- were found, indicating the two groups performed similarly 
across sample trials (F1,7=0.329, p=0.58). This was to be expected since no light 
manipulations were performed across sample trials. Further, a significant effect of 
trial was observed which may indicate that mice accumulated information across 
trials. However, discrimination index is also heavily fluctuating across days and 
groups, questioning whether mice did truly acquire the spatial pattern across trials 
(trial F4,28=3.129, p<0.05; day F4,28=1.011, p=0.41; day x trial F16,112=1.599, p=0.08). 
Importantly, no effects of light or interactions with light were found (F1,7=0.597, 
p=0.46; light x virus F1,7=0.214, p=0.66; light x day F4,28=0.311, p=0.87; light x 
trial F4,28=0.629, p=0.65; light x day x virus F4,28=0.175, p=0.95; light x day x trial 
F16,112=0.372, p=0.97; light x day x trial x virus F16,112=0.379, p=0.96). In addition no 
further interactions with virus were found (day x virus F4,28=1.017, p=0.42; trial x virus 
F4,28=0.28, p=0.89; day x trial x virus F16,112=0.58, p=0.89).
Analysis of animals with positive pretraining values 
Since the aim was to manipulate an existing memory, only animals that showed a 
positive discrimination index above 0.05 during pretraining were included for further 
analysis (n=2 Halo- light off; n=4 Halo- light on; n=3 Halo+ light off; n=4 Halo+ light) 
(Fig 4.2D). However, the raw data set for discrimination index during pretraining is also 
depicted in Figure 4.2C. No significant performance above chance level was found in 
Halo- or Halo+ animals in either light on or light off conditions (Halo- light off t4=0.989, 
p=0.38; Halo- light on t4=1.930, p=0.13; Halo
+ light off t4=0.911, p=0.41; Halo
+ light 
on t4=2.218, p=0.1). 
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Figure 4.2 Exploration time and discrimination index across light conditions in Halo- and Halo+ animals A. 
Exploration time across sample trials and test. Shades areas indicate the separate training days. Exploration 
time was not significantly different between virus groups (p=0.56) or light condition (p=0.57). A main effect of 
day and trial, and an interaction between day and trial was observed (day, p<0.001; trial, p<0.001; day x trial 
p<0.01. B. Discrimination index across sample trials and test. Shades areas indicate the separate training 
days. Discrimination index showed a significant effect of trial, indicating mice overall accumulated memory 
across sample trials (p<0.05) but importantly no effects between groups or light conditions (Halo+ versus Halo- 
p=0.58; light p=0.46). C. Discrimination index during pretraining in the raw data set (n=5 per group). Halo- and 
Halo+ animals did not perform significantly above chance level in either the light off or light on condition (Halo- 
light off p=0.38; Halo- light on p=0.13; Halo+ light off, p=0.41; Halo+ light on p=0.1). D. pretraining values in 
animals that performed at a discrimination index above 0.05 (Halo- light off n=2; Halo- light on n=4; Halo+ light 
off n=3; Halo+ light on n=4). Memory performance was significantly above chance level in Halo- light on only 
(*p<0.05). Halo+ light off and Halo+ light on showed marginally significant effects (Halo+ light off ◊p=0.09; 
light on ◊p=0.09). E. No significant differences in exploration time at test between light off and light on condi-
tions were found (Halo- p=0.239; Halo+ p=0.31).  F. Contrary to what was expected, no significant memory 
performance was found in Halo- animals across light conditions (light off p=0.72; light on p=0.19). In addition, 
performance in the light off condition in Halo+ animals was also not above chance level (p=0.9). Finally, Halo+ 
animals did not perform significantly above chance when the light was on (p=0.11). Data are shown as mean 
± standard error of the mean.
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One sample t-tests performed on average pretraining values for each groups (Halo+ 
and Halo–, and light on and light off conditions) indicated that only Halo– in the light 
on condition performed significantly above chance level (Halo– light off t1=3.389, 
p=0.18; light on t3=5.421, p<0.05). In addition, light off and light on conditions in 
the Halo+ showed a marginally significant effect (Halo+ light off t2=3.034, p=0.09; 
light on t3=2.470, p=0.09). These effects may be attributed to the small sample 
sizes (Fig 4.2). 
Effects of optogenetic silencing on retrieval at the 3day memory test
Pairwise t-tests were performed to assess differences in exploration between light off 
and light in each group during test (Fig 4.2F). Importantly, no significant effects were 
found in exploration time between light on and light off conditions in eiter Halo- or 
Halo+ animals (Halo- t3=1.466, p=0.239; Halo
+ t3=1.218, p=0.31). In Halo
+ animals, it 
was expected that memory performance would be disrupted in the light on condition 
only. However, in both the light on and off condition, memory performance did not 
reach above chance level (light off t2=-0.128, p=0.9; light on t3=2.271, p=0.11). 
Performance of Halo- animals should remain unaffected at test, regardless of light 
condition. Curiously however, animals also did not perform signficantly above chance 
level in either condition (light off t1=0.467 p=0.72; light on t3=1.943, p=0.19). 
These results might be attributed to the low sample size (Fig 4.2E). Nevertheless, 
numerically animals showed positive discrimination index in the light on condition, 
whereas animals performed around a discrimination index of zero in the light off 
condition. This can be observed in both Halo+ and Halo-. However, pairwise t-tests 
confirmed that differences in performance between light on and light off within virus 
groups was not significant (Halo+ t2=-2.205, p=0.152; Halo
- t2=-1.180, p=0.36). 
Overall, a higher number of subjects is required to further study these effects. 
DISCUSSION
Contemporary theories of systems consolidation suggest that the neocortex is 
important for extracting statistical regularities of an environment, thereby generating 
an abstracted representation based on multiple overlapping episodic experiences. 
In this Chapter, we aimed to investigate whether the medial prefrontal cortex is 
necessary for the retrieval of an abstracted memory in the Object Space task by 
optogenetic silencing of this area at retrieval in the overlapping condition after a 3day 
interval. Due to a small sample size, we currently cannot draw any conclusions on 
the effects of optogenetic silencing on memory retrieval.In this section, the overall 
experimental desgin will be discussed together with careful speculations about a 
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potential role for the medial prefrontal cortex or other brain areas in retrieval of the 
semantic-like memory in the Object Space task. 
Since the aim was to manipulate an existing memory, only animals that showed a 
positive discrimination index above 0.05 during pretraining, and thus displayed a 
cumulative memory across training days, were included for further analysis. This 
resulted in a slightly smaller sample size in the already relatively small data set. 
Although the results suggest that memory had been accumulated across all light 
conditions (light on versus light off) in both Halo+ and Halo-, when pretraining values 
were averaged for each group performance was not signficantly above chance level for 
either group. However, when observing the individual data points at test for the light 
on condition between Halo+ and Halo, we could carefully speculate that optogenetic 
silencing does not disrupt memory retrieval at the 3day memory test. 
First and foremost, the number of subjects should be increased for each group in 
order to fully comprehend any effects of optogenetics silencing on memory retrieval. 
In addition, a major issue in this experiment is that the control group showed impaired 
memory performance at test, regardless of light condition. It is unclear whether these 
effects can be attributed to stress since all animals regardless of group or light 
condition were trained under exactly the same circumstances. Another major issue 
is that there is currently no verification of the efficacy of halorhodopsin in silencing 
neural activity in vivo in this experiment. 
Efficacy of optogenetic silencing in the current experiments
It was confirmed that halorhodopsin is expressed in the medial prefrontal cortex 
and implants were appropriately placed (Fig 4.1). Of note however, is that there is 
currently no verification of activity suppression caused by the light. The efficacy of 
halordhopsin in silencing neural activity at the level of the soma in vivo has been 
demonstrated repeatedly (Tye, Prakash et al. 2011, Sparta, Smithuis et al. 2014, 
Mahn, Prigge et al. 2016, Wiegert, Mahn et al. 2017). Activity is suppressed with 
even prolonged (5min) exposure to constant yellow light at an intensity similar to 
the present study (Tye, Prakash et al. 2011). Thus, even though we can carefully 
assume that activity was indeed suppressed in the present study, it is important to 
confirm this. Especially since some viral stocks might accidentally be inert. This can 
be accomplished by for example simultaneous electrophysiological recordings as the 
animal performs the task. In addition, considering the numerically low performance in 
the light off condition in both Halo+ and Halo- but the numerically higher performance 
in the light on condition, it might be that the light itself could have an effect on 
memory retrieval. Indeed, the yellow light is very bright and even though black cement 
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had been used during implant surgery to avoid light leakage, there is still some light 
protruding outside of the implant. Importantly, no differences in exploration time was 
observed between light on and light off conditions at test (Fig 4.4). Intuitively however, 
the perception of light by the animal at test should rather distract the animal from 
running the task than increase the likelihood of exploring the moved object versus 
the stable object. 
Conclusion and future directions
Even though several lines of evidence would propose that the medial prefrontal cortex 
is implicated in the retrieval of the abstracted memory in the Object Space task, no 
evidence for the necessity of the medial prefrontal cortex at retrieval was found in 
the current experiments. One major issue was that Halo- animals did not display 
significant memory expression at test, regardless of light condition. This prevents 
drawing any conclusion on the performance of Halo+ animals at test. A higher number 
of subjects is required in order to fully assess the potential effects of silencing medial 
prefrontal cortex during retrieval in the Object Space task. Importantly, the efficacy 
of the viral vector utilized in silencing neural activity should be carefully tested. Other 
potential (speculative) explanations will be described in the General Discussion, 
for example the potential role of other brain areas in the retrieval of abstracted 
memories. Nevertheless, the results from Chapter 2 demonstrate the existence 
of a robust memory established in the Object Space task that is retained over the 
course of 5 days and provides new possibilities for studying the dynamic nature of 
memory processes. For example, how robust is the abstracted memory? Under what 
circumstances does it remain robust and under which conditions does the memory 
become prone to interference? These questions will be addressed in Chapter 5, in 
which it will be attempted to interfere with the abstracted memory by exposing the 
mouse to a pattern that conflicts with the spatial pattern that was previously learned. 
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SUPPLEMENTAL MATERIAL
Exploration time during training and test in the one-cable swivel setup
Previous experiments were conducted in Halo- and Halo+ animals in which animals 
were trained in the one-cable swivel set up and tested in the heavier commutator 
two-cable set up. Pairwise t-tests were performed in both Halo- (n=11) and Halo+ 
animals (n=17) to analyze differences in exploration time between pretraining and test 
for the 24hr memory paradigm (Supplemental Fig 4.1A) and 3day memory paradigm 
(Supplemental Fig 4.1B). In the 24hr memory paradigm, mice were trained in the 
overlapping condition for 4 consecutive days (pretraining) with a single test trial 24hr 
after the final sample trial of the fourth training day. In the 3day memory paradigm, 
mice were trained on the overlapping condition for 5 consecutive days (pretraining) 
with a singel test trial 72hr after the final sample trial of the fifth training day. Halo+ 
mice showed significantly reduced exploration time at test compared to pretraining 
in both light on and light off conditions in the 24hr memory paradigm (pretraining – 
light off t16=2.892, p<0.05; pretraining – light on t16= 4.489, p<0.01). No significant 
differences were found in the Halo- animals (pretraining – light off t9=1.655, p=0.132; 
pretraining – light on t10=1.265, p=0.235). In the 3day memory paradigm, there was 
only a significant reduction in exploration in the light off condition in Halo+ animals 
(pretraining – light off t19=4.165, p<0.01; pretraining – light on t19=1.434, p=0.168). 
No significant effects were found in Halo- animals (pretraining light off t13=1.668, 
p=0.119; pretraining – light on t12=1.016, p=0.329). 
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Supplemental Figure 4.1 Exploration time during pretraining and test in the 24hr memory and 3day memory 
paradigm for Halo− and Halo+ mice Left: Exploration time was significantly reduced during pretraining and 
both light on and light off test in Halo+ mice in the 24hr memory paradigm (pretraining – light off **p<0.01; 
pretraining – light on *p<0.05). No effects were found in Halo− animals. Right: A significant reduction in explo-
ration time was found in Halo+ animals between pretraining and light off test only (**p<0.01). No significant 
effects were found in Halo− animals. Data are shown as mean ± standard error of the mean.

CHAPTER 5
COMPETING MEMORIES: INTERFERING WITH AN 
ABSTRACTED MEMORY IN THE OBJECT SPACE 
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ABSTRACT
In order to accurately integrate novel information with existing knowledge, it is thought 
that the brain has developed complementary learning systems that include the 
hippocampus for ‘fast’ learning of episodic details of an event and a ‘slow’ learning 
neocortex which acquires structured knowledge gradually based on statistical 
regularities across multiple events. New memories might be replayed interleaved 
with old memories in order to accurately integrate novel information with existing 
knowledge and to prevent interference. In order to address these hypotheses, a 
behavioral paradigm is required in which interference can be demonstrated. The 
Object Space task is a novel behavioral paradigm for semantic-like memory. Mice 
are exposed to two objects arranged in an overlapping spatial configuration. Across 
multiple trials and days, mice accumulate the overlapping information and expresses 
a semantic-like memory that is preserved 24hr, 3 days and even 5 days after training. 
In order to assess effects of interference on expression of the semantic-like memory, 
animals were subjected to a modified version of the Object Space task. After the 
semantic-like memory had been acquired mice were exposed to a single interference 
trial, consisting of two objects in a spatial arrangement conflicting with the pattern 
associated with the original memory. Interference was sometimes followed by 
exposure to a novelty box, which is known to enhance hippocampal plasticity and 
hence facilitate consolidation of an experience occurring within a certain time window 
of the novelty exposure. Retrieval of the original abstracted memory representation 
was disrupted only if interference was followed by novelty exposure. These results 
demonstrate the dynamic nature of memory processes and are relevant in the context 
of the multiple trace theory of systems consolidation.
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INTRODUCTION
In order to appropriately store new information without overwriting previous knowledge, 
it has been suggested that we have developed a complementary learning system in 
which the hippocampus and neocortex play a crucial role (McClelland, McNaughton 
et al. 1995, O’Reilly, Sevigny et al. 2014). The hippocampus is hypothesized to 
be the fast learner, encoding the details of an experience, organized in space and 
time. On the other hand, the neocortex is considered to be a slow learner, gradually 
acquiring structured, generalized knowledge about an environment based on multiple 
events (McClelland, McNaughton et al. 1995). McClelland et al. (1995) showed that 
a connectionist model for the neocortex implementing slow learning, is capable of 
learning and integrating concepts into a structured knowledge network. The model can 
capture distinct features from the information it processes and can also generalize 
information by capturing similarities between concepts, which makes it a powerful 
learner for semantic knowledge (Rumelhart, Hinton et al. 1986). McClelland et al. 
(1995) explained that catastrophic interference, the phenomenon by which learning 
of novel information results in the complete obliteration of existing knowledge, is an 
inevitable consequence of a system that stores representations in a highly overlapping 
manner, much like the neocortex is proposed to do. Hence, the hippocampus was 
proposed as a necessary additional system with complementary learning properties, 
one that is capable of fast storage of sparse, non-overlapping representations. 
Together, they form a versatile system that jointly contributes to retrieval of memories, 
with varying degrees of dependence on the two systems according to the type of 
information (detailed versus generalized) required to retrieve (Kumaran, Hassabis et 
al. 2016).
Acquisition of semantic knowledge in a neocortex-inspired connectionist model
In their influential studies, McClelland et al. (1995) demonstrated that the Rumelhart 
network is successful in acquiring knowledge, consistent with the idea of a slow learning 
neocortex. The Rumelhart network is a neocortex-inspired, connectionist model that 
is able to learn and integrate concepts into a structured knowledge network. A more 
thorough description of the model is reported in Chapter 1. In brief, the network can 
capture distinct features from the information it processes and can also generalize 
information by capturing similarities between concepts. For example, the network is 
capable of storing distinct information about multiple types of birds (a robin is red, a 
canary can sing etc.) but at the same time capable of integrating this information into 
one concept about birds in general (birds have feathers, birds can fly etc.). This shows 
that the network is a powerful learner for semantic knowledge (Rumelhart, Hinton et 
al. 1986). McClelland et al. further showed that two different learning procedures 
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have distinctive effects on how new information is incorporated into a structured 
knowledge network. The network was trained to integrate novel information about 
a penguin. A penguin is a bird that has feathers, information consistent with the 
previously established knowledge about the concept bird. However, a penguin can 
swim but cannot fly, information that is inconsistent with previous information learned 
about the concept bird. Acquisition of new information through focused learning, 
without continued exposure to previously learned information, was faster than 
interleaved learning, however it also produced catastrophic interference, completely 
erasing previous knowledge. Presenting the novel information together with previously 
learned information in an interleaved fashion, resulted in a more gradual acquisition 
of the novel information, but importantly, with minimal interference. Hence, previous 
knowledge was preserved and the novel information was successfully integrated into 
the existing network. These results led to the proposition that integration of new 
information in the neocortex requires interleaved replay, namely offline reactivations 
of recent experiences (driven by hippocampal replay) that are interleaved with 
reactivation of already stored knowledge (driven by the neocortex) (McClelland, 
McNaughton et al. 1995, Frankland and Bontempi 2005, Kumaran, Hassabis et al. 
2016). Recent evidence suggests that the neocortex is not necessarily a slow learner. 
Specifically, the existence of prior knowledge, can facilitate the consolidation of novel 
information that is consistent with the pre-existing knowledge network (Tse, Langston 
et al. 2007, van Kesteren, Rijpkema et al. 2010, Tse, Takeuchi et al. 2011, Wang, Tse 
et al. 2012, McClelland 2013). While the encoding of novel information still requires 
the hippocampus, the retrieval of this information becomes independent of the 
hippocampus within a couple of days and relies more on the neocortex, particularly 
the medial prefrontal cortex (Tse, Langston et al. 2007, Tse, Takeuchi et al. 2011, 
Wang, Tse et al. 2012). These results were modeled in an updated version of the 
complementary learning systems simulations (McClelland 2013).
Complementary learning systems set the stage for competition between 
memories
The McClelland et al. study emphasized the need for complementary learning systems 
for proper integration of new information with existing knowledge (McClelland, 
McNaughton et al. 1995). Particularly, novel information might completely overwrite 
existing knowledge under certain circumstances. It should be noted however that the 
existence of complementary systems prevents catastrophic interference in biological 
systems. However, interference and competition between multiple memories may 
regularly occur (e.g. retrieving the memory of where you parked your bike at work 
might be in competition with the memory for where you parked the bike yesterday). It 
appears that the strength of competition between memories is in part affected by the 
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circumstances in which novel information is learned.  It should be emphasized that 
‘novelty’ in terms of McClelland et al. is related to the congruency or a lack thereof 
with the previous knowledge network. In this paragraph however, novelty is described 
as a novel event unrelated to the learned event, which triggers neuromodulatory and 
cellular events in order to create a strong hippocampal memory trace (Redondo and 
Morris 2011). In humans, memories for inconsequential events that are normally 
forgotten are called flashbulb memories. An example of a flashbulb memory might 
be the recall of where we were or what we were doing on the moment of the 9/11 
terrorist attacks. The synaptic tagging and capture hypothesis of protein synthesis-
dependent long-term potentiation might explain memory for seemingly unrelated 
events. This theory posits that the induction of synaptic potentiation creates the 
potential for lasting change in synaptic efficacy, but does not necessarily result in 
persistent synaptic efficacy (which requires plasticity-related proteins). Thus, weakly 
induced long-term potentiation (LTP) would normally be transient. However, it can 
become sustained if the plasticity-related proteins associated with strongly induced 
LTP on a separate pathway are captured by the synaptic tags on the weakly induced 
LTP pathway (Morris 2006, Redondo and Morris 2011). In parallel to tetanization to 
induce strong LTP, exposure to a novel environment around the time of new learning 
can result in enhanced persistence of novel information. Wang et al. (2010) trained 
rats in an event arena to dig for food hidden in a particular sand well. A single-trial 
encoding phase did not result in memory for the rewarded location 24hr later (weak 
encoding). However, if the weak encoding phase was followed by 5min of exposure to 
a novel environment, the animal was able to retrieve the rewarded location 24hr later. 
This was observed if the novelty exposure occurred 30min but not 6hr after reward-
place encoding, demonstrating that the persistence of a memory can be enhanced 
if an experience is followed by exposure to unrelated novelty within a particular time 
window (Wang, Redondo et al. 2010). A recent study suggested that the time window 
for the effects of novelty exposure is not restricted to 30min after new learning, but 
may be comprised of a bigger time window, resulting in enhanced memory for events 
that occurred before but also after novelty exposure (Takeuchi, Duszkiewicz et al. 
2016). It has been proposed that the enhanced persistence of memory for events 
that occurred around the time of unrelated novelty is driven by increased dopamine 
release in the hippocampus, resulting in enhanced synaptic plasticity processes and 
thus resulting in the creation of a novel hippocampal memory trace (Moncada and 
Viola 2007, Kempadoo, Mosharov et al. 2016, Takeuchi, Duszkiewicz et al. 2016). 
The strengthening of a hippocampal memory trace by novelty exposure can induce 
competition between two memories. For example, Genzel et al. (2017) demonstrated 
that rats are capable of learning two opposing spatial locations in the water maze 
over the course of multiple training days. However, if the encoding for one of the two 
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locations was followed by exposure to a novel environment, the two spatial memories 
were still expressed at retrieval but memory for the location with subsequent novelty 
dominated behavioral output. 
Creating interference in the Object Space task
Previously, it has been established that animals acquire a semantic-like, or abstracted, 
memory in the Object Space task (Genzel, Schut et al. 2017). Namely, the overlapping 
condition of the task requires the detection of a statistical pattern over the course 
of multiple, overlapping events in order to extract an abstracted memory over time. 
The aim of this study is to investigate whether exposure to a pattern conflicting with a 
previously learned pattern can result in interference with original memory or result in 
competition between two memories. Interference and competition between memories 
is a phenomenon that regularly occurs in nature, thus developing a paradigm in which 
a new memory can interfere or compete with a previously established memory will 
be extremely valuable. In addition, this will create novel opportunities for memory 
manipulation with state-of-the-art tools and methods, for example to artificially induce 
catastrophic interference. For this, the Object Space task was modified in a couple 
of ways (see Fig 5.1A). Mice were trained on the overlapping condition only, for five 
subsequent days instead of four. After 3 days, mice were exposed to another training 
day that started with a test trial followed by four additional sample trials consistent 
with the pattern. On day 9, each animal was exposed to one interference trial for 5, 15 
or 25 minutes that consisted of a spatial configuration conflicting with the previously 
learned pattern by moving the original stable object to a novel location. The next day, 
mice were tested for interference by re-exposure to the original pattern. 
As mentioned previously, catastrophic interference should not occur in biological 
systems but it is highly likely that a situation similar to an interference trial in this 
experiment occurs in nature. However, if catastrophic interference has occurred, i.e. if 
the interference trial has completely overwritten the previous established knowledge, 
the original moved object location has now become the more stable object location 
and memory of this will be expressed as a negative discrimination index. Some 
interference trials were followed by exposure to novelty, which is known to facilitate 
consolidation of hippocampal representations (Guzowski, McNaughton et al. 1999, 
Lisman and Grace 2005, Moncada and Viola 2007, Takeuchi, Duszkiewicz et al. 2016, 
Moncada 2017). Two control conditions were added to the experimental design: 
instead of interference, mice were exposed to a trial in which a pattern was presented 
that is congruent to the original pattern, followed by exposure to novelty. The second 
control condition consists of a single trial exposure to a conflicting pattern in a novel 
environment in order to show that a new memory can be created after a single trial, 
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similar to what is expected from the single interference trial. The hypothesis is that 
interference is more likely to happen as the duration of exposure to the conflicting 
pattern increases. In addition, novelty exposure should increase the likelihood of 
interference by strengthening the memory for the interference trial (Fig 5.2A). 
In this Chapter, it is demonstrated that the original, abstracted memory acquired in the 
Object Space task is retained 3 days after training. In addition, the original memory 
is prone to interference particularly after exposure to novelty. However, there is no 
complete obliteration of the original memory, which may suggest that two memories 
are competing during retrieval after exposure to interference. 
METHODS
Subjects
Male C57bl6/J mice, 7-8 weeks of age at the start of behavioral training (Charles 
River) were group housed with ad libitum access to food and water. Animals were 
maintained on a 12hr/12hr light/dark cycle and tested during the light period. In 
compliance with Dutch law and Institutional regulations, all animal procedures were 
approved by the Centrale Commissie Dierproeven (CCD) and conducted in accordance 
with the Experiments on Animal Act.
Behavioral training
Habituation
Handling and habituation has been described in detail in Chapter 2. Briefly, mice were 
handled so that they typically climbed by themselves on the experimenter’s hands 
when taking them out of the home cage and out of the training arena (see handling 
video https://www.memorydynamics.org/#/animal-handling/). After handling, ani- 
mals were habituated to a square arena (75cmx75cm) for 5 sessions within 5 days 
(can also be performed in 3 days, see methods for implanted animals below). In the 
first habituation session, the animals were allowed to explore the box together with all 
cage mates for 30min. In the second and third session, they were placed in the box 
individually for 10min. In the final two sessions of habituation, two objects (towers 
made from Duplo blocks, not used in main experiment) were placed in the box at 
locations not used during training and the animals were allowed to explore for 10min. 
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Training
Mice were trained on the overlapping condition of the Object space task as described 
in detail in Chapter 2. Briefly, locations of the objects were counterbalanced among 
animals and sessions. One training and test session included 5 days of behavioral 
training followed by a 3day memory test, interference trial and post-interference trial 
(10 days in total, Fig 5.1A). For each session, one object location was designated as 
the ‘stable’ object location, indicating that in each trial over the course of the entire 
session one object was positioned in this location (original pattern). The other object 
location (‘less stable’ or ‘moved’ object location), was positioned in any of the other 
possible object locations, in a pseudo-random fashion. The interference trial was 
different in that the designated ‘stable’ object location was moved to a ‘less stable’ 
location, creating a conflicting spatial pattern relative to the original pattern.
At the start of each session, multiple 2D cues were placed on the walls inside the 
box, intentionally non-symmetric. At least one 3D cue was placed above any of the 
walls to facilitate allocentric processing during the task. Multiple experimenters were 
involved in the experiment and each separate cohort of animals (n=8 per cohort) 
was trained by either one constant experimenter or by at least 2 experimenters in a 
rotational schedule.
The experimental timeline is depicted in Figure 5.1A. Animals were allowed to explore 
two objects for 5min with an inter-trial interval of 30min. Mice were trained interleaved 
in groups of 4 with two groups per day (morning/afternoon). Before the beginning of 
each sample trial, the box and the objects were thoroughly cleaned with 70% ethanol. 
Each sample trial consisted of a different pair of identical objects varying in height 
width, texture and material. Each object was used for a single trial only during the 
whole training period. This procedure was repeated over the course of 5 consecutive 
days in which mice were presented with 5 sample trials per day. On day 6 and 7, the 
animals did not receive training. On day 8, the animals were trained on an additional 
5 sample trials of which the first trial was a 3day memory test trial, consisting of the 
same spatial configuration as the final sample trial on training day 5. On day 9, each 
mouse was exposed to one of the following types of interference trial in a counter-
balanced, within-subjects design: incongruent, indicating a spatial configuration that 
conflicted with the previously learned pattern; incongruent novelty, identical to incon-
gruent but with the addition of exposure to a novel environment for 30min immediately 
after the interference trial, enriched with a mixture of materials and textures such as 
styrofoam, feathers, marbles and bubble wrap; congruent novelty consisted of a trial 
that was consistent with the previous pattern. In addition, in order to establish that 
mice can create a 24hr memory with a single trial, another condition was included in 
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the design. The episodic condition consisted of a single sample trial and a test 24hr 
later in a completely different environment. Mice were exposed to one of the inter-
ference trials for either 5min, 15min, or 25min per session. Congruent novelty and 
episodic consisted of 15min exposure only. On day 10, mice were exposed to a single 
test trial consisting of the spatial configuration consistent with the original pattern 
(Fig 5.1). Conditions were repeated within animals and counterbalanced across 
sessions. At the start of each new session, new 2D and 3D cues were placed in and 
around the arena to create a novel environment for the animal and avoid interference 
from previously acquired patterns. Data was acquired with our in-house program the 
Object Scorer. 
Exclusion criteria
In order to assess any effects of interference on memory, it is important that animals 
have actually established a memory over the course of training. Thus, only animals 
that had a discrimination index (DI) above 0.05 averaged across 25 samples trials 
(pretraining) per condition were included for subsequent analysis (Fig 5.1D-F). Since 
each condition was performed with a separate week of training, including a novel 
spatial configuration and environment, exclusion criteria were assessed for every 
animal across each separate condition. This implies that some animals were excluded 
from one condition and other animals from multiple conditions, depending on their 
memory performance during pretraining for that particular condition. With exclusion 
criteria applied two separate groups emerged, namely the animals that performed 
below DI 0.05 and animals that performed above DI 0.05 during pretraining. Average 
performance during pretraining was recalculated for each group, by taking the average 
of pretraining performance across all conditions that were included for that particular 
animal. Since the episodic condition consisted of a single sample trial, no exclusion 
criteria were applied for this condition. 
Statistical analysis
DI used to assess memory performance was calculated as the difference in time 
exploring the novel object location and stable location divided by the total exploration 
time. This results in a score ranging from -1 (preference for the stable location) to 
+1 (preference for the moving object location). A score of 0 indicates no preference 
for either object location. Total exploration time was analyzed by repeated measures 
ANOVA across all 25 sample trials with factors trial and day. The accumulation of 
memory over the course of training was calculated by averaging discrimination index 
across pretraining. One sample t-tests were performed to analyze memory perfor-
mance with respect to chance level. In the below DI 0.05 group, pretraining and 
3day memory test performance was analyzed. For the above DI 0.05 group, analysis 
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was performed in multiple ways. First, to increase the power of this study, interfer-
ence durations were pooled together to create a novelty and no novelty condition. 
One sample t-tests were performed to test memory performance to chance level. In 
addition, an ANOVA was performed to test for differences in performance between 
the novelty and no novelty conditions. Finally, one sample t-tests were performed 
to analyze memory performance with respect to chance level in pretraining, 3day 
memory test and post-interference test for all conditions.
RESULTS
Exploration time and discrimination index across all 25 sample trials
Animals (n=24) were trained in a modified version of the Object Space task and tested 
in different interference conditions to investigate whether a former memory could be 
disrupted by a novel memory. Briefly, mice were subjected to each of the following 
interference trials in a within-subjects design: incongruent, in which two objects 
were arranged in a spatial configuration conflicting with the original pattern. Animals 
were exposed to an incongruent trial for either 5min, 15min or 25min; congruent, a 
control consisting of a spatial configuration congruent to the original pattern; episodic, 
another control condition consisting of a single trial exposure to a conflicting spatial 
pattern in a completely novel environment in order to create a single trial memory. 
Incongruent interference was sometimes followed by novelty, whereas a congruent 
trial was always followed by novelty. 
Concerning exploration time, there was a significant effect of day and trial across all 
25 sample trials (day F4,68=11.66; p<0.001; trial F4,68= 17.26, p<0.001; day x trial 
F16,272=2.37, p=0.073). Fluctuations in exploration time is to be expected, since each 
sample trial consisted of a new pair of objects that could potentially be more or less 
interesting to the animal. In addition, it is common that exploration time is reduced on 
the first sample trial of each day, which may in part account for the significant effects 
observed (Fig 5.3B). Discrimination index across all sample trials showed significant 
effect of trial (trial F4,92=6.604, p<0.001; day F4,92=0.885, p=0.48) and a day by trial 
effect (F16,368=2.047, p<0.05), indicating that memory performance fluctuates across 
training days but accumulated over the course of the final training day (Fig 5.1C).
Pretraining and 3day memory performance before and after exclusion criteria
In order to perform a particular memory manipulation, in this case interference, it is 
important that animals actually demonstrate expression of memory over the course 
of learning. Hence, only animals that showed a positive discrimination index above 
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0.05 during pretraining were included for subsequent analysis. Since each condition 
was performed with a separate week of training, including a novel spatial configura-
tion and environment, exclusion criteria were assessed for every animal across each 
separate condition. Figure 5.1D depicts pretraining and 3day memory test data for 
all animals without applying exclusion criteria. One-sample t-tests showed significant 
performance during pretraining (t23=7.396, p<0.001) and test (t23=2.987, p<0.01). 
When the exclusion criteria were applied, the below 0.05 group performed signifi-
cantly below chance during pretraining, indicating mice typically preferred to explore 
the stable object location (t21=-4.370, p<0.001) and at chance level during the 3day 
memory test (t21=-0.557, p=0.58) (Fig 5.1E). The above 0.05 group however exhibited 
significant memory expression at both pretraining and test (pretraining t22=18.377,
p<0.001; test t22=4.831, p<0.001) (Fig 5.1F).
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Figure 5.1 Exploration and memory performance during pretraining and 3day memory test A. Experimental 
timeline: Animals were trained for 5 consecutive days. To test for 3day memory animals were presented with 
a test trial on day 8, consisting of the same spatial configuration as the final sample trial. This was followed 
by 4 additional sample trials. On day 9, animals were exposed to an interference trial (top two configurations) 
or control condition (bottom two configurations), sometimes followed by novelty (yellow and blue squares). Day 
10 consisted of a post-interference test with exposure to the previously acquired spatial pattern. B. Exploration 
time across sample trials and test. Shaded areas are shown to clarify separate training days and test. 
Exploration time showed a significant day (p<0.001) and trial (p<0.001) effect. C.  Discrimination index across 
sample trials and test. Shaded areas are shown to clarify separate training days and test. Animals accumulated 
memory across training days, as indicated by a significant effect of trial (p<0.001). day by trial effect (p<0.05). 
D. Without any exclusion criteria applied, animals performed significantly above chance during pretraining 
(***p<0.001) and test (**p<0.01) (n=24). E. With exclusion criteria applied, average DI during pretraining was 
again calculated for animals in the below DI 0.05 group (n=22). Mice performed significantly below chance 
during pretraining (***p<0.001) and at chance level at test (p=0.58). F. The mice that performed above DI 0.05 
at pretraining exhibited significant memory performance at the recalculated pretraining and 3day memory test 
(n=23; pretraining ***p<0.001; test ***p<0.001). Data are shown as mean ± standard error of the mean.
Effects of interference with and without subsequent novelty
After applying exclusion criteria, only animals in the above DI 0.05 group were included 
for further analysis. Analysis on the raw data set can be found in the Supplementary 
Materials (Supplementary Figure 5.1). In order to investigate whether interference 
disrupted memory performance for the original spatial pattern, we performed two 
different analyses. In general, each condition is currently quite underpowered. 
Consequentially, for the first analysis the data points from the various interference 
durations were pooled together to establish a general novelty condition (n=28) and no 
novelty condition (n=32), regardless of interference duration (Fig 5.2B). This creates a 
data set with increased power. Mice in the no novelty condition performed significantly 
above chance level, indicating that single-trial exposure to a conflicting spatial pattern 
does not appear to interfere with retrieval of the original memory (t31=3.798, p<0.01). 
If interference was followed by exposure to novelty on the other hand, mice performed 
at chance level (t27=1.028, p=0.31), suggesting that retrieval of the original memory 
was disrupted (Fig 5.2A). However, one-way ANOVA showed a marginally significant 
effect of condition (F1,58=3.248, p=0.077). Thus, statistically it is not shown that 
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novelty and no novelty conditions affected memory performance differently. However, 
since the effect was marginally significant, perhaps some interference durations 
affected memory performance in a different manner than other durations. 
In a second analysis one sample t-tests were conducted to analyze post-interference 
memory performance for each condition (5min, 15min and 25min duration) separately 
(Fig 5.2C). In the control conditions, congruent followed by novelty resulted in a 
marginally significant effect, indicating that animals did not perform above chance 
level at test (t13=2.090, p=0.05). Memory performance in the episodic condition was 
not significantly below chance, indicating that in this condition animals did not express 
memory after a single-trial event in a novel environment (t15=-1.509, p=0.145). In the 
interference conditions, 5min of interference without and with subsequent novelty 
resulted in chance level memory performance at test (no novelty t7=1.291, p=0.238; 
novelty t9=-0.433, p=0.677). This indicates that this condition, with and without 
subsequent novelty interfered with the memory of the previously learned pattern 
at test. Longer durations of interference might enhance these effects. 15min of 
interference resulted in a marginally significant memory performance, indicating they 
were not able to preserve the memory for the original pattern (t13=2.032, p=0.06). 
Interestingly however, when 15min of interference was followed by novelty exposure, 
animals expressed the memory at test (t9=2.733, p<0.05). On the other hand, 25min 
of interference showed the opposite effect, with memory performance significantly 
above chance without subsequent novelty but chance performance after novelty 
exposure (no novelty t7=3.992, p<0.01; novelty t9=0.51, p=0.96). This implies that 
memory for the original pattern can be prone to interference under certain conditions. 
Since memory performance after interference did not significantly fall below chance, 
there is no complete obliteration of the original memory. However, it may indicate 
that both the original and novel memory exist. Both may be retrieved resulting in 
competition for dominating behavioral output. 
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Figure 5.2 Post-interference memory performance A. Predictions of behavioral outcome for each (interfer-
ence) condition. An example of an original pattern learned across 25 sample trials, consisting of a stable 
object location (yellow circle) that remains in the same location across sample trials and a moved object 
(black circle) that changes location continuously across sample trials. The example pattern depicted here is 
the spatial configuration used during the final sample trial (trial 25), 3day memory test and post-interference 
test. Interference consisted of 5min, 15min or 25min of exposure to a pattern incongruent to the previously 
learned pattern. Specifically, the stable object location was moved to a novel location. Predictions for object 
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location preference are depicted as blue circles. If the memory for the new pattern interferes with the original 
pattern, this can result in no preference for either object location at test since the previously stable location 
could now be interpreted as the novel location. However, it might not be strong enough for complete erasure 
of the original pattern. When incongruent interference is followed by novelty however, the effect of interfer-
ence will be strengthened and might be strong enough for a complete erasure of the memory, resulting in 
significantly increased preference for previously stable object and therefore a negative discrimination index. 
Congruent followed by novelty is a control condition that should not induce any interference at test. Finally, 
the episodic condition is a single trial exposure to a pattern in a novel environment, which should result in 
increased preference for the original stable object location 24hr later (hence, negative discrimination index). 
This is another control condition to establish that a new memory can be formed after a one-event experi-
ence.  B. Post-interference memory test in no novelty (n=32) and novelty (n=28) conditions. Mice performed 
significantly above chance level after single-trial exposure to an interference trial without subsequent novelty 
(**p<0.01). When interference was followed by novelty, performance reduced to chance level (p=0.31). 
One-way ANOVA found a marginally significant difference between performance in the no novelty versus novelty 
condition (◊p=0.077). C. Post-interference memory performance for each separate interference duration and 
control groups. A marginal significant effect was found for the congruent condition followed by novelty (n=14, 
◊p=0.05). Second panel: Memory performance at the episodic condition was not significant below chance 
(n=24, p=0.145). Third panel: 5min interference: No significant memory performance was seen after 5min of 
interference with or without subsequent novelty exposure (5min n=8, p=0.24, novelty n=10, p=0.68). Fourth 
panel: 15min interference: Mice still performed significantly above chance when 15min of interference was 
followed by exposure to novelty (n=10, *p<0.05).15min of interference without subsequent novelty exposure 
resulted in marginally significant performance above chance (n=14, ◊p=0.06). Fifth panel: 25min interference: 
Mice were still able to retrieve the memory from the previously learned pattern after 25min of interference, but 
after subsequent novelty mice were not able to perform above chance level (25min n=10, ***p<0.001, novelty 
n=8, p=0.96). Data are shown as mean ± standard error of the mean.  
DISCUSSION
The overlapping condition in the Object Space task requires the animal to extract 
statistical regularities from its environment in order to construct an abstracted 
memory over the course of learning, this is consistent with the proposed function 
of the neocortex in organizing memories (McClelland, McNaughton et al. 1995, 
Frankland and Bontempi 2005, O’Reilly, Bhattacharyya et al. 2014). In this study, it 
was attempted to interfere with the abstracted memory by exposing mice to a single 
interference trial consisting of an object spatial pattern that was incongruent to the 
original pattern the animal had acquired across 6 training days. Animals were exposed 
to the interference trial for 5min, 15min or 25min and this was sometimes followed 
by exposure to a novelty box for 30min. Since the aim was to find conditions in which 
an abstracted memory could be interfered with, only animals that exhibited a positive 
discrimination index during pretraining, and thus had accumulated the abstracted 
memory over the course of training, were included in this study. 
First of all, the relatively low sample size for each group demonstrates that this 
study is underpowered. Therefore, it is emphasized that before any clear conclusion 
can be drawn from these experiments, a higher number of subjects is necessary. 
Nevertheless, it has been demonstrated that mice displayed significant memory 
performance at retrieval after a 3day interval, extending the results of Genzel et al. 
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(2017). In order to increase power in these experiments, conditions were pooled 
together to create a no novelty and a novelty condition. It was demonstrated that 
exposure to a conflicting spatial pattern did not disrupt memory retrieval for the 
original pattern if the interference was not followed by novelty. However, subsequent 
exposure to novelty reduced memory performance to chance level. This may indicate 
that the memory for the original pattern is highly robust so that single-trial exposure to 
a conflicting pattern is not strong enough to produce interference.  Novelty exposure 
on the other hand, might enhance the consolidation of the conflicting pattern, thereby 
increasing interference during post-interference retrieval and perhaps creating 
competition between the original memory and the interfering memory for behavioral 
output. 
Despite the low number of subjects for each condition, subsequent analyses have 
been performed on each interference condition individually. Interestingly, there might 
be a gradient of memory disruption at test after interference without successive 
novelty. Specifically, a longer duration of interference (25min) resulted in significant 
performance above chance level, whereas 15min interference showed a lesser 
effect of interference, indicated by a marginally statistical effect but a numerically 
demonstrating that mice might still be able to perform above chance level. Finally, 
5min of exposure to a conflicting pattern interfered with the original memory, resulting 
in chance level performance. With subsequent novelty, 25min of interference 
disrupted memory expression for the original pattern and resulted in chance level 
performance. However, 15min of interference followed by novelty resulted in above 
chance performance, indicating that under these conditions the original memory 
persists and is disrupted. Interestingly, 5min of interference followed by novelty again 
disrupted memory performance. The circumstances under which the original memory 
is disrupted by interference does not suggest the obliteration of the original memory 
per se. Complete erasure of the original memory would have resulted in a negative 
discrimination index since the formerly stable object would now be interpreted as 
more novel. However, animals did not perform significantly below chance. Instead, it 
is more likely that various interference conditions resulted in a new separate memory, 
incongruent to the former memory. 
The observed chance level performance in some of the interference conditions might 
indicate that there is simply no memory for the original or interfering pattern. However, 
the individual data suggests that most animals do not perform around zero but either 
perform by clearly expressing a positive discrimination index (memory for the original 
pattern) or a negative discrimination index (memory for the interfering pattern). 
We can carefully speculate about the possibility that under certain conditions, two 
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distinct memories are formed that are competing with each other for behavioral 
output during the post-interference test. Currently, there is no evidence of the 
involvement of the hippocampus or neocortex in the Object Space task. However, 
we can carefully speculate about possible mechanisms that may have contributed 
to the results regarding memory performance after various interference conditions. 
A study similar to the idea of competing memories, was conducted by Genzel et 
al. (2017). First, the authors demonstrated that training animals on two opposing 
locations in the water maze in separate sessions on the same day resulted in two 
separate memories that are retained 7 days after training. Next, animals were 
either allowed to sleep or were exposed to a novel environment after each training 
session. Considering the importance of sleep in facilitating interactions between the 
hippocampus and cortex and thereby cortical consolidation, allowing the animals to 
sleep after a training session would preferentially impact a cortical memory trace 
(Battaglia, Benchenane et al. 2011, Maingret, Girardeau et al. 2016). On the other 
hand, hippocampal memory representations are potentiated by exposure to novelty 
(Takeuchi, Duszkiewicz et al. 2016). Thus, exposing the animal to a novel environment 
may preferentially strengthen a hippocampal memory trace. After the manipulations, 
it was evident that animals still retained both spatial memories but the memory for 
the location that was followed by novelty dominated the behavior of the animal at test 
(Genzel, Rossato et al. 2017). This was concomitant with upregulation of immediate 
early genes in the hippocampus, whereas immediate early gene expression was 
suppressed in the cortex. Conversely, sleep induced the opposite pattern in both 
brain areas. This indicates that exposure to novelty favored consolidation in the 
hippocampus and despite the opportunity for the animals to have regular sleep after 
the manipulation, this hippocampal representation dominated (Genzel, Rossato et al. 
2017). These findings provide a potential mechanism by which the novelty exposure 
after presentation of a conflicting spatial pattern potentiated interference in our 
studies. Since memory performance was at chance level and not below chance, it 
is reasonable to assume that the memory trace of the previously learned pattern 
still exists but competed with the potentiated novel memory trace of the interfering 
pattern. 
The results from Genzel et al. (2017) and the results from the present study might 
be in line with multiple trace theory, one of the contemporary theories of systems 
consolidation, which postulates that initially memories consist of joint hippocampal 
and cortical traces that interact dynamically. As memories become more remote, 
retrieval of contextually specific memories will always engage the hippocampus, 
but abstract, context-free memories may eventually become solely dependent on 
neocortical structures (Nadel and Moscovitch 1997, Nadel, Campbell et al. 2007, 
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Nadel, Winocur et al. 2007). In addition, reactivation of the context or providing cues 
before retrieval after a long delay will reinitiate the contextual specificity of a memory, 
rendering it dependent on the hippocampus again (Winocur, Moscovitch et al. 2010, 
Alvares de Oliveira, Einarsson et al. 2012). It is emphasized here again that no claims 
are being made on the underlying mechanisms involved in forming an abstracted 
memory in the Object Space task. However, the arguments posed by the multiple 
trace theory would predict a potential mechanism that may explain the behavioral 
results in the present study. The memory for the original pattern is likely reactivated 
with each experience in the arena. Eventually an abstracted memory is formed that 
will engage, according to multiple trace theory, both the neocortex and hippocampus 
since it remains context-specific. Consequentially multiple traces of this memory are 
formed, thus making the memory highly robust and less prone to interference from 
a single exposure to a conflicting pattern. It will nevertheless create a new memory 
trace associated with conflicting pattern, that is potentiated by subsequent exposure 
to novelty. At post-interference retrieval, both memories will be retrieved but the new 
memory dominates because of potentiation of the hippocampal trace associated with it.
It is also important to point out some unresolved issues in the current experiments. 
Due to the exclusion criteria employed, some of the interference conditions only 
included a relatively low number of subjects. The 25min interference condition without 
novelty resulted in memory performance above chance level. Intuitively, one would 
expect that lower durations of exposure to the conflicting pattern without subsequent 
novelty would also not induce interference. However, 15min of interference induced 
a marginally significant effect, whereas 5min of exposure to the conflicting pattern 
resulted in chance performance. Thus, it is tempting to speculate about a gradient 
effect resulting from the different interference conditions, but opposite of what was 
expected. However, a higher number of subjects will be required to confirm this effect. 
Nevertheless, one recent study in starlings suggests that exposure to interference 
results in increased memory performance of the original memory (Brawn, Nusbaum 
et al. 2018). Starlings were trained on an auditory classification task in which they 
learned to discriminate between two different songs in a Go/No-go operant procedure. 
This means that one song was associated with a ‘Go’ response in order to obtain 
a food reward, while the other song required the bird to withhold a response (‘No- 
go’). Interference was induced by exposing the bird to another pair of songs that 
utilized the same Go/No-go procedure but involved songs that were different from the 
original pair. After interference, retrieval of the original memory was tested either after 
the birds were allowed to sleep or before sleep. If retrieval was tested after sleep, 
then birds displayed increased memory performance for the original pair of songs 
compared to before sleep retrieval, but also compared to a no interference condition. 
Thus, interference can even improve retrieval for the original memory. The authors 
explain that learning of the interfering pair of songs, which is similar to the original 
memory in terms of stimulus type, associated context etc., engages sleep-dependent 
consolidation mechanisms that facilitate the consolidation of the new information 
but could also enhance the reconsolidation of the original memory, possibly through 
increased reactivation mechanisms. (Brawn, Nusbaum et al. 2018). Interference in 
the Object Space task consists of exposure to a conflicting pattern, but it still shares 
similarities with the original memory, for example the context, stimulus type and 
possible object configurations. After the interference trial, the animals are allowed to 
rest and sleep until post-interference retrieval of the original memory the next day, thus 
allowing consolidation of the novel memory but perhaps also increased reactivation 
and reconsolidation of the original pattern. Longer durations of interference may result 
in more reactivation of the conflicting pattern as well as the original pattern, thereby 
strengthening the expression of the original memory during post-interference retrieval. 
However, in order to support such as hypothesis, it is required to show that memory 
after interference is significantly increased compared to a no interference condition. In 
addition, memory performance after 5min of interference without subsequent novelty 
should significantly differ from memory performance after 25min of interference. This 
is currently not the case so the data might not go into this direction. Again however, a 
higher number of subjects is required to further investigate these ideas. 
Considering these ideas, it could then be expected that subsequent exposure to novelty 
induces a similar gradient. The results in this study however, are not consistent with 
this idea. Specifically, while 5min and 25min followed by novelty produced interference 
at post-interference test, after 15min of interference followed by novelty animals still 
performed significantly above chance level. It should also be noted that some extreme 
values in the data set may have resulted in a lack of performance above chance 
level in some conditions. This also includes both control groups, namely congruent 
novelty and episodic. Specifically, the results in the episodic condition did not confirm 
24hr memory performance after a single trial exposure. However, this might also be 
accounted for by a low number of extreme values in the dataset. Accordingly, there is a 
need for a higher number of subjects in order to confirm this data set. In addition, the 
difference between the episodic condition and the other conditions is that it is a single 
event in a novel environment instead of a single interference trial in an environment 
that the animal is already familiar with for 6 days. A more proper way of performing 
this condition would be to pre-exposure the animal to the environment for 6 days 
before the sample trial. Finally, an additional control group that includes just congruent 
without novelty is required for a complete model with all appropriate control conditions. 
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In this Chapter, it has been established that the semantic-like memory gradually 
formed in the Object Space task is robust, as it is retained not only 24hr after training, 
but also 3 days after training. The memory can be susceptible to interference however 
under various circumstances. Specifically, it appears that interference without 
subsequent novelty may not interfere with the original memory, whereas interference 
followed by novelty exposure might result in the competition between the original 
memory and the interfering memory. This modified version of the Object Space task 
opens new door in investigating dynamic memory processes and potential future 
directions will be discussed in more detail in Chapter 8. Nevertheless, it remains 
to be determined how this semantic-like, or abstracted memory is gradually formed 
over the course of training. Extensive measures of neural activity while the animal is 
acquiring the overlapping spatial pattern will be necessary to clarify the underlying 
mechanisms involved in establishing an abstracted memory in the Object Space 
task. State-of-the-art techniques such as in vivo calcium imaging would be ideal for 
measuring neural activity across several days. Importantly, with this technique the 
same cells can be followed across several days or weeks, creating the opportunity to 
analyze how neural activity changes or evolves as the animal acquires the overlapping 
spatial pattern. Accordingly, in Chapter 6, animals will be trained on the Object Space 
task with simultaneous recordings of calcium transients over the course of the entire 
training week and test. In addition, as briefly mentioned above, sleep facilitates 
communication between the hippocampus and neocortex, which is essential for 
memory consolidation processes. Hence, recordings will also be taken during the 
inter-trial intervals to enable investigation of any memory-related processes as the 
animal is resting or sleeping.
Competing memories: interfering with an abstracted memory in the object space task
133
REFERENCES
Alvares de Oliveira, L., E. O. Einarsson, F. Santana, A. P. Crestani, J. Haubrich, L. F. Cassini, K. Nader 
and J. A. Quillfeldt (2012). “Periodically reactivated context memory retains its precision and depend-
ence on the hippocampus.” Hippocampus 22(5): 1092-1095.
Battaglia, F. P., K. Benchenane, A. Sirota, C. M. Pennartz and S. I. Wiener (2011). “The hippocampus: 
hub of brain network communication for memory.” Trends Cogn Sci 15(7): 310-318.
Battaglia, F. P., G. R. Sutherland and B. L. McNaughton (2004). “Hippocampal sharp wave bursts 
coincide with neocortical “up-state” transitions.” Learn Mem 11(6): 697-704.
Brawn, T. P., H. C. Nusbaum and D. Margoliash (2018). “Sleep-dependent reconsolidation after memory 
destabilization in starlings.” Nat Commun 9(1): 3093.
de Lavilleon, G., M. M. Lacroix, L. Rondi-Reig and K. Benchenane (2015). “Explicit memory creation 
during sleep demonstrates a causal role of place cells in navigation.” Nat Neurosci 18(4): 493-495.
Fernandez, G. and R. G. M. Morris (2018). “Memory, Novelty and Prior Knowledge.” Trends Neurosci 
41(10): 654-659.
Frankland, P. W. and B. Bontempi (2005). “The organization of recent and remote memories.” Nat Rev 
Neurosci 6(2): 119-130.
Genzel, L., J. I. Rossato, J. Jacobse, R. M. Grieves, P. A. Spooner, F. P. Battaglia, G. Fernandez and R. 
G. Morris (2017). “The Yin and Yang of Memory Consolidation: Hippocampal and Neocortical.” PLoS 
Biol 15(1): e2000531.
Genzel, L., E. H. S. Schut, T. Schröder, R. Eichler, A. Gomez, I. Navarro-Lobato and F. P. Battaglia (2017). 
“The Object Space Task shows cumulative memory expression in both mice and rats.” bioRxiv.
Girardeau, G., K. Benchenane, S. I. Wiener, G. Buzsaki and M. B. Zugaro (2009). “Selective suppres-
sion of hippocampal ripples impairs spatial memory.” Nat Neurosci 12(10): 1222-1223.
Guzowski, J. F., B. L. McNaughton, C. A. Barnes and P. F. Worley (1999). “Environment-specific expres-
sion of the immediate-early gene Arc in hippocampal neuronal ensembles.” Nat Neurosci 2(12): 
1120-1124.
Johnson, L. A., D. R. Euston, M. Tatsuno and B. L. McNaughton (2010). “Stored-trace reactivation 
in rat prefrontal cortex is correlated with down-to-up state fluctuation density.” J Neurosci 30(7): 
2650-2661.
Kumaran, D., D. Hassabis and J. L. McClelland (2016). “What Learning Systems do Intelligent Agents 
Need? Complementary Learning Systems Theory Updated.” Trends Cogn Sci 20(7): 512-534.
Lee, A. K. and M. A. Wilson (2002). “Memory of sequential experience in the hippocampus during 
slow wave sleep.” Neuron 36(6): 1183-1194.
Lisman, J. E. and A. A. Grace (2005). “The hippocampal-VTA loop: controlling the entry of information 
into long-term memory.” Neuron 46(5): 703-713.
Chapter 5
134
Maingret, N., G. Girardeau, R. Todorova, M. Goutierre and M. Zugaro (2016). “Hippocampo-cortical 
coupling mediates memory consolidation during sleep.” Nat Neurosci 19(7): 959-964.
McClelland, J. L. (2013). “Incorporating rapid neocortical learning of new schema-consistent informa-
tion into complementary learning systems theory.” J Exp Psychol Gen 142(4): 1190-1210.
McClelland, J. L., B. L. McNaughton and R. C. O’Reilly (1995). “Why there are complementary learning 
systems in the hippocampus and neocortex: insights from the successes and failures of connec-
tionist models of learning and memory.” Psychol Rev 102(3): 419-457.
McNamara, C. G., A. Tejero-Cantero, S. Trouche, N. Campo-Urriza and D. Dupret (2014). “Dopaminergic 
neurons promote hippocampal reactivation and spatial memory persistence.” Nat Neurosci 17(12): 
1658-1660.
Moncada, D. (2017). “Evidence of VTA and LC control of protein synthesis required for the behavioral 
tagging process.” Neurobiol Learn Mem 138: 226-237.
Moncada, D. and H. Viola (2007). “Induction of long-term memory by exposure to novelty requires 
protein synthesis: evidence for a behavioral tagging.” J Neurosci 27(28): 7476-7481.
Nadel, L., J. Campbell and L. Ryan (2007). “Autobiographical memory retrieval and hippocampal acti-
vation as a function of repetition and the passage of time.” Neural Plast 2007: 90472.
Nadel, L. and M. Moscovitch (1997). “Memory consolidation, retrograde amnesia and the hippocampal 
complex.” Curr Opin Neurobiol 7(2): 217-227.
Nadel, L., G. Winocur, L. Ryan and M. Moscovitch (2007). “Systems consolidation and hippocampus: 
two views.” Debates in Neuroscience(1): 55-66.
O’Reilly, E., M. Sevigny, K. A. Sabarre and K. P. Phillips (2014). “Perspectives of complementary and 
alternative medicine (CAM) practitioners in the support and treatment of infertility.” BMC Complement 
Altern Med 14: 394.
O’Reilly, R. C., R. Bhattacharyya, M. D. Howard and N. Ketz (2014). “Complementary learning 
systems.” Cogn Sci 38(6): 1229-1248.
Peyrache, A., M. Khamassi, K. Benchenane, S. I. Wiener and F. P. Battaglia (2009). “Replay of rule-
learning related neural patterns in the prefrontal cortex during sleep.” Nat Neurosci 12(7): 919-926.
Roux, L., B. Hu, R. Eichler, E. Stark and G. Buzsaki (2017). “Sharp wave ripples during learning 
stabilize the hippocampal spatial map.” Nat Neurosci 20(6): 845-853.
Rumelhart, D. E., G. E. Hinton and R. J. Williams (1986). “Learning representations by back-propa-
gating errors.” Nature 323: 533-536.
Skaggs, W. E. and B. L. McNaughton (1996). “Replay of neuronal firing sequences in rat hippocampus 
during sleep following spatial experience.” Science 271(5257): 1870-1873.
Takeuchi, T., A. J. Duszkiewicz, A. Sonneborn, P. A. Spooner, M. Yamasaki, M. Watanabe, C. C. Smith, G. 
Fernandez, K. Deisseroth, R. W. Greene and R. G. Morris (2016). “Locus coeruleus and dopaminergic 
consolidation of everyday memory.” Nature 537(7620): 357-362.
Competing memories: interfering with an abstracted memory in the object space task
135
Tse, D., R. F. Langston, M. Kakeyama, I. Bethus, P. A. Spooner, E. R. Wood, M. P. Witter and R. G. Morris 
(2007). “Schemas and memory consolidation.” Science 316(5821): 76-82.
Tse, D., T. Takeuchi, M. Kakeyama, Y. Kajii, H. Okuno, C. Tohyama, H. Bito and R. G. Morris (2011). 
“Schema-dependent gene activation and memory encoding in neocortex.” Science 333(6044): 
891-895.
van de Ven, G. M., S. Trouche, C. G. McNamara, K. Allen and D. Dupret (2016). “Hippocampal Offline 
Reactivation Consolidates Recently Formed Cell Assembly Patterns during Sharp Wave-Ripples.” 
Neuron 92(5): 968-974.
van Kesteren, M. T., S. F. Beul, A. Takashima, R. N. Henson, D. J. Ruiter and G. Fernandez (2013). 
“Differential roles for medial prefrontal and medial temporal cortices in schema-dependent encoding: 
from congruent to incongruent.” Neuropsychologia 51(12): 2352-2359.
van Kesteren, M. T., G. Fernandez, D. G. Norris and E. J. Hermans (2010). “Persistent schema-
dependent hippocampal-neocortical connectivity during memory encoding and postencoding rest in 
humans.” Proc Natl Acad Sci U S A 107(16): 7550-7555.
van Kesteren, M. T., M. Rijpkema, D. J. Ruiter and G. Fernandez (2010). “Retrieval of associative 
information congruent with prior knowledge is related to increased medial prefrontal activity and 
connectivity.” J Neurosci 30(47): 15888-15894.
Wang, S. H. and R. G. Morris (2010). “Hippocampal-neocortical interactions in memory formation, 
consolidation, and reconsolidation.” Annu Rev Psychol 61: 49-79, C41-44.
Wang, S. H., D. Tse and R. G. Morris (2012). “Anterior cingulate cortex in schema assimilation and 
expression.” Learn Mem 19(8): 315-318.
Wilson, M. A. and B. L. McNaughton (1994). “Reactivation of hippocampal ensemble memories during 
sleep.” Science 265(5172): 676-679.
Winocur, G., M. Moscovitch and B. Bontempi (2010). “Memory formation and long-term retention 
in humans and animals: convergence towards a transformation account of hippocampal-neocortical 
interactions.” Neuropsychologia 48(8): 2339-2356.
Chapter 5
136
SUPPLEMENTAL MATERIAL
The effects of interference on the raw data set
As previously mentioned, all animals that had a negative discrimination index 
during pretraining were excluded. The reasoning for this is that in order to be able 
to perform any manipulation on a memory, a memory has to be acquired in first 
instance. Nevertheless, it is important to also show data from the raw data set 
in order to fully comprehend the effects of interference on the animal’s behavior 
(Supplemental Figure 5.1). No significant memory performance above chance level 
was found in the congruent novelty condition (t23=0.885, p=0.39). In addition, no 
significant performance below chance was found in the episodic condition (t15=-1.509, 
p=0.145). After exposure to interference, no significant memory performance above 
chance level was found, regardless of duration of the interference and regardless 
of subsequent novelty (congruent novelty t23=0.885, p=0.38; episodic t15=1.509, 
p=0.145; incongruent 5min no novelty t14=0.624, p=0.543, novelty t15=-1.536, 
p=0.145; 15min no novelty t23=0.44, p=0.66, novelty t23=0.024, p=0.98; 25min no 
novelty t15=0.382, p=0.708, novelty t15=-0.423, p=0.68). 
Post-interference memory performance
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Supplemental Figure 5.1 Post-interference memory performance (grouped data) Animals did not perform 
above chance level in congruent novelty (n=24, p=0.39), or below chance level in the episodic condition (n=24, 
p=0.145). No significant memory performance above chance was found in the interference conditions, regard-
less of subsequent novelty exposure (5min: no novelty p=0.54, novelty p=0.145; 15min: no novelty p=0.66, 
novelty p=0.98; 25min: no novelty p=0.70; novelty p=0.68). Data are shown as mean ± standard error of the 
mean.
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CHAPTER 6
IMAGING FROM LARGE NEURONAL POPULATIONS 
DURING THE ACQUISITION OF A SEMANTIC-LIKE 
MEMORY IN THE OBJECT SPACE TASK
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ABSTRACT
The medial prefrontal cortex is actively engaged in the encoding of novel information. 
Initially, cell assemblies in the medial prefrontal cortex code for various incidental 
information an animal is experiencing. As time passes however, cell assemblies shift 
from coding incidental details to more abstract information that is behaviorally relevant 
and that share common characteristics. However, how the medial prefrontal cortex 
encodes and organizes abstract representations over time in complex behavioral 
tasks is currently unknown. The Object Space task is a novel behavioral paradigm 
in which a mouse acquires a semantic-like memory across multiple trials and days. 
In this task, mice are exposed to two objects arranged in an overlapping spatial 
configuration in which one object is consistently placed in the same location across 
trials (stable) and another object moves to a different location with each trial. Over the 
course of learning, mice acquire the spatial pattern and gradually increase preference 
for exploring the less stable, or moving object. Considering the established role of the 
medial prefrontal cortex is acquiring abstracted information, it can be hypothesized 
that this area is highly relevant in the acquisition of the semantic-like memory in the 
Object Space task. In this study, large populations of neurons were recorded using in 
vivo calcium imaging while mice were acquiring the semantic-like memory across days. 
Currently, preliminary analyses have been performed on the data set. Importantly, it 
is shown here that mice with relatively large implants are able to acquire a semantic-
like memory in the Object Space task. In addition, an important development is the 
construction of an in-house built analysis pipeline for large scale imaging data, which 
will form the basis for further analyses on how semantic-like memories are gradually 
formed in the medial prefrontal cortex. Careful speculations and ideas for future 
research are discussed at the end of this Chapter. 
Manuscript in preparation
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INTRODUCTION
Our brains are powerful information-processing machines, but how is information 
represented and organized in the brain? It has been generally accepted that neurons 
do not encode single features of an event but instead demonstrate nonlinear selectivity 
to multiple features or domains, resulting in interconnected networks of neurons, 
termed cell assemblies, whose collective activity represents all elements of a particular 
event. This idea was proposed by Donald Hebb (1949), whose influential book, “The 
Organization of Behaviour”, made important contributions to our understanding of 
memory today (Hebb 1949). He was one of the first to hypothesize that a concept or 
event, or any distinct cognitive entity for that matter, could be represented by a network 
of strongly interconnected neurons, termed cell assemblies. Cell assemblies would 
form through the principle that excitatory synapses increase firing of neighboring cells 
that are co-activated by the same stimulus. Through repeated and persistent firing 
of these co-activated cells, they become more wired together by enhanced excitatory 
synapses. This would support the generation of functional states in the brain, 
including memory processes. When a stimulus related to a memory is encountered, 
triggering a subset of assembly members is sufficient to drive the activation of 
the entire assembly. Importantly, through phase sequences, assemblies can also 
engage other assemblies that are closely related to the particular memory, causing 
a chain reaction of assembly activity that provides the basis for complex processes 
like memory recall (Hebb 1949). A recent study provided direct support of Hebbian 
plasticity processes. Optogenetically activating a subset of cells in the mouse visual 
cortex resulted in artificial cell assemblies that persisted and became spontaneously 
active across days, and could be recalled upon activation of single assembly member 
(Carrillo-Reid, Yang et al. 2016). Hebb’s theory consisted of a detailed proposal for 
the role of intrinsic circuit dynamics in cognition, from the synaptic level to complex 
behavioral processes, and has been extremely influential in the field of neuroscience. 
Constructing generalized or abstracted memories is an essential feature of an 
adaptive memory system. Abstract memories allow for flexible behavior in a changing, 
noisy environment (Richards and Frankland 2017). In addition, it has been proposed 
that abstracted memories are more stable and resistant to interference than episodic 
memories (Ritchey, Montchal et al. 2015, Richards and Frankland 2017). It has been 
hypothesized that the neocortex constructs generalized memories by accumulating 
information over time and extracting commonalities from overlapping events 
(McClelland, McNaughton et al. 1995, O’Reilly and Norman 2002, Ritchey, Montchal 
et al. 2015, Moscovitch, Cabeza et al. 2016). A major line of work concentrated 
on the role of the medial prefrontal cortex in memory abstraction in both rodent 
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and humans, and its role in early as well as later stages of memory processing is 
evident (Lesburgueres, Gobbo et al. 2011, Bero, Meng et al. 2014, Kitamura, Ogawa 
et al. 2017, Morrissey, Insel et al. 2017). Morrissey et al. (2017) demonstrated 
in rodents that over the course of weeks cells in the prelimbic area of the medial 
prefrontal cortex gradually transitions from representing information about distinct 
features of an experience, to representing an abstract relationship that is common to 
all experiences (Morrissey, Insel et al. 2017). This is consistent with previous findings 
that demonstrate the role of the medial prefrontal cortex in the rapid encoding of 
behaviorally relevant rule-based representations (Peyrache, Khamassi et al. 2009, 
Rich and Shapiro 2009, Durstewitz, Vittoz et al. 2010, Ma, Hyman et al. 2016). In 
human imaging studies, the ventromedial prefrontal cortex has been found to be 
particularly important for memory abstraction (Schlichting, Mumford et al. 2015, 
Tompary and Davachi 2017, Bowman and Zeithamova 2018, Reagh and Ranganath 
2018). However, it appears that this brain area can also maintain codes for individual 
memories (Schlichting, Mumford et al. 2015). Interestingly, the hippocampus has also 
been implicated in memory abstraction (Kumaran, Summerfield et al. 2009, Tompary 
and Davachi 2017, Bowman and Zeithamova 2018, Reagh and Ranganath 2018). 
However, this will be discussed in more detail in the General Discussion. Outside of 
the medial prefrontal cortex, generalized information in the neocortex is organized in 
highly overlapping neuronal codes. This has been found repeatedly in both humans 
and nonhuman primates in high-level visual cortical areas (Kriegeskorte, Mur et al. 
2008, Clarke and Tyler 2014, Khaligh-Razavi and Kriegeskorte 2014, Yamins, Hong et 
al. 2014). However, how the medial prefrontal cortex encodes and organizes abstract 
representations over time in complex behavioral tasks is currently unknown. 
The Object Space task is a novel behavioral paradigm for semantic-like memory in mice 
(Genzel, Schut et al. 2017). In this task, the animal is allowed to explore two objects 
consisting of a specific spatial pattern across multiple trials and days. Acquisition 
of the pattern requires the extraction of overlapping information from the multiple 
experiences the animal is exposed to over the course of 4 days (an object location 
in a stable location versus an object that moves with each trial). This is consistent 
with what is hypothesized as the process in which the neocortex, and in particular 
the medial prefrontal cortex, is gradually acquiring abstract or semantic-like memory 
based on overlapping episodic events (Ritchey, Montchal et al. 2015, Moscovitch, 
Cabeza et al. 2016). Although it was not established that the medial prefrontal cortex 
is necessary for the retrieval of the abstracted memory (see Chapter 3 and Chapter 
4), it can be proposed that it plays a major role in the encoding of information over 
the course of training in the task. In order to investigate dynamic memory processes 
in the Object Space task, we have employed in vivo calcium imaging to study cell 
assemblies in the medial prefrontal cortex over the course of learning. 
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In vivo calcium imaging is a relatively novel technique that uses calcium influx as a 
marker for neural activity (Ghosh, Burns et al. 2011, Ziv and Ghosh 2015). First, a 
calcium indicator called GCaMP6 is expressed into the area of interest. This is an 
enhanced green fluorescent protein that expresses fluorescence whenever calcium 
enters the cell body (Chen, Wardill et al. 2013) (Chen et al. 2013). Next, a gradient 
index (GRIN) lens is implanted above the area transfected with GCaMP6. Finally, a 
baseplate is installed on top of the animal’s implant, that serves as a docking station 
for a miniature microscope (miniscope). The miniscope is equipped with a blue LED, 
which excites the GCaMP-transfected cells and causing it to emit fluorescence when 
calcium enters the cell body (Resendez, Jennings et al. 2016). The major advantage 
of in vivo calcium imaging is the ability to track large populations of neurons across 
multiple days or even weeks, thus promoting the opportunity to investigate the dynamics 
of memory processes by following the same cells (and cell assemblies) as the animal 
acquires the abstracted memory in the Object Space task. Animals were trained in 
all three conditions of the task, which included the random, stable and overlapping 
condition (see Genzel et al. 2017). Considering that the medial prefrontal cortex 
organizes information in an abstracted manner, cell assemblies might be dynamically 
changing as the animal acquires the memory in the overlapping condition, resulting in 
representations of the stable information in space. In the random condition, no such 
changes should occur since no patterns can be extracted from this condition. In the 
stable condition, it is also not expected that any dynamical changes occur over the 
course of training, since this condition consists of stable object locations over the 
course of training. At test however, moving one object to a novel location may induce 
changes in firing activity, that should be measurable with our techniques. Preliminary 
results will be described in this Chapter.  
METHODS
Subjects
C57Bl6/J mice, 7-8 weeks of age (Charles River) were group housed with ad libitum 
access to food and water. Mice were maintained on a 12h light/dark cycle. All 
animal procedures were approved by the Centrale Commissie Dierproeven (CCD) and 
conducted in accordance with the Experiments on Animal Act. 
Viral injection
Injections were performed when animals were 7-8 weeks of age. Excitatory neurons 
were labeled by injecting an adeno-associated virus (AAV, serotype 2/5) driving 
expression of GcaMP6f under the control of the CaMKIIa promoter. In brief, mice were 
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anesthetized with 1.5% isoflurane gas/oxygen mixture and secured in a stereotaxic 
apparatus (Neurostar). All stereotaxic coordinates described were relative to bregma. 
Holes were drilled using a dental drill and virus was delivered using a 10-ul syringe and 
33G metal needle (Hamilton, Chrom8 International BV), targeting medial prefrontal 
cortex (AP + 2.0, ML +/- 0.4, DV -2.5-1.9). The injection volume (300-400nl at each 
injection site) and flow rate (0.1 ul/min) were controlled by an injection robot attached 
to the stereotax (Neurostar) (Fig 6.1). 
Microendoscope implantation and baseplate installment
Two weeks after viral transfection, we implanted a microendoscope probe (GRINTECH, 
Germany) into the brain right above the transfected tissue (AP +1.9mm, ML +/- 
0.4mm, DV -2.15mm). To perform the implantation, a hole was drilled around the 
previous injected site. A 19G blunt tip needle was inserted into the brain tissue to 
create a path for implantation of the microendoscope probe. The needle was lowered 
until ~150um above the targeted DV coordinates and retracted after 10min. After 3 
weeks of recovery, the miniscope was lowered above the microendoscope probe until 
cells came into focus. Then, a baseplate was fixed to the skull to preserve appropriate 
focus and serving as a docking station for the miniscope (Fig 6.1).
Figure 6.1 Timeline of surgical procedures The calcium indicator GCaMP6f is injected into the medial prefrontal 
cortex. After 2 weeks, a microscoendoscope probe is implanted above the transfected area. Finally, after an 
additional 3 weeks a baseplate is affixed to the implant, serving as a docking station for the miniscope. 
Histology
After the behavioral experiments, mice were transcardially perfused with 1x phosphate 
buffered saline (PBS) followed by 4% paraformaldehyde (PFA). Brains were fixed in PFA 
overnight and then transferred to 30% sucrose solution for cryoprotection. Coronal 
brain slices (50um) were collected from the entire medial prefrontal cortex using a 
cryostat (Leica Biosystems) and prepared for immunohistochemistry to confirm viral 
expression and microendoscope implant locations. Brain slices were rinsed with 
0.1M of phosphate buffered saline (PBS, pH 7.4). Afterwards, slices were incubated 
in fresh blocking solution for 1hr, consisting of 1% bovine serum albumin, 2% normal 
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goat serum and 0.2% Triton X-100 in 0.1M PBS. They were then incubated overnight 
with rabbit polyclonal anti-GFP (Abcam) diluted 1:2000 in blocking solution. The next 
day, slices were rinsed in 0.1M PBS, after which they were incubated for 1hr with 
secondary polyclonal antibody goal anti-rabbit Alexa Fluor 488 (Abcam). Finally, slices 
were rinsed again in 0.1M PBS and mounted on gelatin-coated slides, covered with 
a coverslip with FluoroShieldTM reagent containing DAPI (Sigma-Aldrich). Images were 
obtained using an advanced fluorescent microscope (Leica). 
Behavioral training and recording of calcium transients
Habituation
Prior to habituation to the behavioral arena, mice were extensively handled and 
habituated to a dummy miniscope for at least 3 consecutive days. The dummy 
miniscope was attached to the baseplate and the animal was allowed to walk freely 
in its home cage for 5min. Subsequently, mice were habituated to the square arena 
as described previously in Genzel et al. (2017). Briefly, animals were habituated for 
5 sessions. In the first session, mice were allowed to explore the box together with 
all cage mates for 30min. The second and third session consisted of mice placed 
in the box individually for 10min (twice, interleaved). On the final two sessions of 
habituation, two duplo objects not used during training were placed in the box and 
mice were again allowed to explore for 10min during 2 trials. The real miniscope was 
attached to the animal in each individual session to allow additional habituation of 
carrying the miniscope as the animal explores the arena. Mouse were habituated one 
by one and during the intervals the animal was placed in an empty cage (the resting 
cage) for 10min that would serve as a resting cage throughout behavioral training. 
On the last day of habituation, the optimal field of view was set for recordings during 
behavioral training. 
Training
Animals were trained on the Object Space task as described in Genzel et al. 
(2017). Briefly, mice were trained on all three conditions, namely random, stable 
and overlapping. In each condition, animals were allowed to explore two objects for 
5min with an intertrial interval of 15min. This was repeated for 5 trials per day, for 4 
consecutive days. The test trial, 24hr after the final sample trial, consisted of again 
two objects and animals were allowed to explore for 10min, however only the initial 
5min were used for analysis as explained in Genzel et al. (2017). Different objects 
were used for each trial and objects were never repeated over the course of one 
session. In addition, after completing one condition (i.e. a one-week session), cues 
in the room were radically changed to provide a new environment for the animals and 
hence prevent interference from previous experiences. 
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For the overlapping condition session, one object location was designated as the 
‘stable’ object location, indicating that in each trial over the course of the entire 
session one object was positioned in this location. The other object location (‘less 
stable’ or ‘moved’ object location), was positioned in any of the other possible object 
locations, in a pseudo-random fashion. In the stable condition, two objects remained 
in the same location across all sample trials but one object moved during test. Finally, 
in the random condition objects were placed in two different locations with each trial 
in pseudo-random manner. 
Calcium imaging
Animals were trained one at a time. Before the start of behavioral training, the 
implanted microendoscope probe was thoroughly cleaned with lens paper and lens 
cleaner. The miniscope was then attached to the baseplate and the animal was 
allowed to sit in the resting cage for 10min before the start of training. Recordings 
were taken from each 5min sample trial. After each trial, the animal was placed 
into the resting cage and allowed to rest for 15-20min before the next sample trial 
was initiated. During the resting period, calcium transients were recorded for another 
5min. To reduce risk of photobleaching over the course of the training day, LED power 
intensities never exceeded 50%. In addition, the LED was switched off for at least 
7min in between recording sessions. Since the test day consisted of a single trial, the 
full 10min were recorded, with an additional 5min rest recording after an interval of 
at least 5min (Fig 6.2). 
Statistical analysis
The discrimination index used to assess memory performance was calculated as the
difference in time exploring the novel object location and stable location divided by the 
total exploration time. This results in a score ranging from -1 (preference for the stable 
location) to +1 (preference for the moving object location). A score of 0 indicates no 
preference for either object location. Total exploration time and discrimination index 
across all sample trials were assessed by including the factors condition, trial, and 
day in a repeated measures ANOVA.  When a significant main effect or interaction 
was found, one sample t-test were performed to analyze memory performance with 
respect to chance level during pretraining (average discrimination index across all 20 
sample trials) and test.
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Figure 6.2 Recording schedule during behavioral training Top: One example sample trial in the overlapping 
condition. Calcium transients were recorded in every 5 minute sample trial. After each trial, the animal was 
allowed to rest in an empty cage for 15-20 minutes. Recordings were taken for another 5 minutes, interleaved 
with at least 7 minutes in which the LED was switched off in order to reduce risk of photobleaching over the 
course of the training day. (Bottom) Example test trial. Calcium activity was recorded for the full 10 minute 
test. After at least 7 minutes with the LED switched off, another 5 minutes of resting activity was recorded in 
an empty cage.
Analysis of behavior and calcium imaging signals 
Behavioral tracking
The behavioral videos were analyzed using an in-house built pipeline based on 
DeepLabCut (https://www.dropbox.com/s/25unrdwip2kwxqr/DeepLabCut_tracking_
example.mp4?dl=0), an established pipeline that uses transfer learning in a fully 
convolutional residual network (ResNet) model to identify user-defined body parts of 
the animal in a given video frame (Mathis, Mamidanna et al. 2018). Deep learning 
algorithms were implemented to extract the position of the animal in the arena and the 
exploration behavior towards the two objects using a ResNet-101 without deep layers 
that had been pre-trained on the ImageNet dataset (He, Zhang et al. 2015, Carreira 
and Zisserman 2017, Mathis, Mamidanna et al. 2018). An additional convolutional 
layer with a kernel shape of (1, 1, n_classes) was added as the network’s output 
layer. Each of the channels of the output layers would represent one of the label 
categories. As training data, 500 random frames were extracted from the entire set 
of behavioral videos, from which the location of the mouse’s tail base and nose was 
manually labeled for each frame. Subsequently, the network was trained for a total of 
5000 epochs until the predictions made by the network were considered suitable for 
the current study. 
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Neuron and calcium event identification
Calcium imaging recordings were processed by our in-house build pipeline, which 
is based on CaImAn, an open source toolbox calcium imaging data analysis 
employed in Python (Zhou, Resendez et al. 2018). Processing of the data consisted 
of the following steps: preprocessing; motion correction; alignment of images 
across one behavioral session (one week, including training and test); and signal 
extraction (example video normalized calcium activity: https://www.dropbox.com/s/
rh84hx9g1jdyx5e/32365_example_dF%3AF_speed4x.mov?dl=0). First, images were 
converted to ‘.tif’ format and down-sampled by a factor of 2 in both temporal and 
spatial dimensions. Subsequently, images were cropped to further reduce data size 
and enhance subsequent processing time. Next, images were motion corrected 
by employing a frame-wise rigid transform followed by a patch-wise correction 
(Pnevmatikakis and Giovannucci 2017). A reference frame was taken that included 
clear structural landmarks (e.g. a prominent blood vessel) and a low-pass filter was 
applied to remove noise. All other frames were fitted to this frame by minimizing the 
pixel intensity difference after rigid transform. The patch-wise correction splits up the 
image into smaller patches of 80 pixels with an overlap of 40 pixels between patches. 
The individual patches were then fitted to the reference frame through the same 
rigid motion correction algorithm. Together, these two algorithms allow for correction 
of small movements by e.g. the miniscope and for correction of organic, non-linear 
movements of the brain between frames. The next step was to align all frames across 
an entire behavioral session (sample trials and subsequent rest recordings). This 
was performed using dimensionality reduction method based on principle component 
analysis/independent component analysis provided by the Grewe lab (ETH, Zürich). 
Finally, the putative neuronal traces were extracted using constrained non-negative 
matrix factorization optimized for endoscopy (CNMF-E) (Pnevmatikakis, Soudry et al. 
2016, Pnevmatikakis 2018). The CNMF-E model consists of Y = A * C + B + E, in which 
A represents the image area with putative neurons (spatial footprint); C is the light 
intensity of the area over time, i.e. calcium transients (temporal traces); B represents 
the background; and E is the random gaussian background noise. Deconvolution 
of spiking activity was inferred using Markov Chain Monte Carlo (MCMC) methods 
(Pnevmatikakis, Soudry et al. 2016). 
Extraction of cell assemblies
For the extraction of cell assemblies, non-negative matrix factorization was employed. 
The data was represented as a target matrix X that contains all spiking activity or 
spike trains (size, t, n_trains). This matrix is derived from the inner product of two 
factor matrices, namely W and H. W represents a weight matrix of size (n_traces, 
n _factors) and H is a pattern matrix of size (n_factors, t). The factorization minimizes 
the difference measure between the X and the W * H. 
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Preference index for cell activity during behavioral training or rest
The extent to which a particular cell was preferentially active during behavioral training 
or rest was calculated as an index with the following formula: 
a2 – b2
     a2+b2
in which a represents the mean firing activity of a neuron during behavioral training 
and b represents the mean firing activity during rest. The corresponding values range 
from -1 to 1, with more negative values indicating a higher preference for activation 
during rest. 
RESULTS
Behavioral results
Mice were trained on 5 trials per day for 4 consecutive days, with a test 24 hours 
later on all 3 conditions (random n=6; stable n=5; overlapping n=6) (Fig 6.3). One 
animal was not run on the stable condition because the calcium signals started to 
overexpress in the brain, rendering it unfit for analysis. Importantly, no significant 
differences in exploration time were found between conditions or any interaction 
with condition (condition F2,8=0.529, p=0.61; condition x trial F8,32=0.70, p=0.69; 
condition x day F6,24=0.64, p=0.69) (Fig 6.3A). However, significant effects of trial 
and an interaction between day and trial were seen during the 20 sample trials. 
Usually, in the first trial of the day animals explore less. Exploratory behavior may 
also be influenced by the type of objects used in a given trial. This may explain 
the significant effects observed in exploration time. Importantly however, there was 
no 3-way interaction (trial F4,16=22.70, p<0.01; day F3,12=2.349, p=0.12; day x trial 
F12,48=5.71, p<0.01; condition x day x trial F24,96=0.50, p=0.97). 
Discrimination index across all 20 sample trials showed a significant effect of 
condition and interaction between condition and day, indicating the gradually increase 
in memory performance in the overlapping condition over the course of days (condition 
F2,8=10.07, p<0.01; condition x day F3,12=3.257, p<0.05; condition x trial F8,32=1.65, 
p=0.15) (Fig 6.3B-C). No significant effects of day, trial or other interactions were 
observed (day F3,12=1.57, p=0.25; trial F4,16=0.625, p=0.65; day x trial F12,48=1.115, 
p=0.37; condition x day x trial F24,96=0.575, p=0.94). Finally, one-sample t tests 
indicated that memory performance was significantly above chance at pretraining and 
test in the overlapping condition, indicating memory had accumulated over the course 
of training and persisted at test (pretraining t5=4.15, p<0.01, test t5=6.59, p<0.01). 
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Importantly, memory performance at pretraining was at chance level for both the 
stable and random condition (stable pretraining t4=-1.22, p=0.29; random pretraining 
t5=-1.58, p=0.18; random test t5=0.074, p=0.94). At test, memory performance in 
the stable condition was marginally significant (t4=2.27, p=0.09) (Fig 6.3D).
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Figure 6.3 Exploration time and memory performance across trials, days and conditions A. Total explora-
tion time per sample trial remained constant across conditions (random n=6, stable n=5, overlapping n=6). 
However, a significant effect of trial and a day by trial interaction was observed (condition p=0.61; trial p<0.01; 
day x trial p<0.01). B. A significant effect of condition and condition by day interaction indicates an accumula-
tion of memory across days in the overlapping condition only (condition p<0.01; condition x day p<0.05). C. 
Discrimination index averaged across days. D. Discrminiation index at pretraining and test. Memory perfor-
mance was significantly above chance level in the overlapping condition at pretraining (all 20 sample trials 
averaged) and test (pretraining **p<0.01; test **p<0.01), whereas memory performance was marginally 
significant at test in the stable condition (◊p=0.09). No significant effects were found in the random conditio 
(pretraining p=0.18; test p=0.94). Data are shown as mean ± standard error of the mean. 
Preliminary analysis of cell activity in the medial prefrontal cortex during 
behavioral training and rest
Histology confirmed that the microendoscope implant was typically placed above 
the medial prefrontal cortex (Fig 6.4). Putative neurons and calcium events were 
extracted from 3 mice from one or more conditions (mouse 32364: data processed 
from the overlapping and random condition; mouse 32365: data processed from the 
overlapping and stable condition; mouse 56165: data processed from the random 
condition). For each neuron, the preference ratio for activation during behavioral 
training or rest was calculated (Fig 6.5-6.7). In addition, in one mouse putative cell 
assemblies were extracted with non-negative matrix factorization and correlated with 
behavior in the arena during training (Fig 6.5G). Data analysis is still going on and 
future directions will be described in more detail in the Discussion. 
Figure 6.4 Histological verification of GCaMP6f expression and microendoscope probe placement A. 
Representative picture of correct microendoscope probe placement above medial prefrontal cortex (coronal 
slice AP +2.0, scale bar 500µm). B. Proper microendoscope probe placement above the medial prefrontal 
cortex with neurons expressing CaMKII-GCaMP6f-eYFP (green) and DAPI (blue) (coronal slices, scale bar 
500µm). C. Neurons in the medial prefrontal cortex expressing CaMKII-GCaMP6f-eYFP (green) and DAPI (blue) 
(coronal slice, scale bar 50 µm).
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A. Implanted mice that were trained in the Object Space task, mouse 32364 highlighted
B. Putative neurons 
E. Preference ratio 
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Figure 6.5 Extracted regions of interests, example calcium transients and spiking activity and putative cell 
assemblies in mouse 32364 A. First panel: Group picture of all brothers together (left), with mouse 32364 
(Raphael) with a red baseplate;  mouse 32365 (Donatello) in purple, Michelangelo in orange and Leonardo 
in blue. Second panel: a close up of Raphael on the right panel. Third and fourth panel: example of a mouse 
trained in the Object Space task carrying the miniature microscope. B. Putative neurons were extracted with 
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constraint non-negative matrix factorization in mouse Raphael (n=197 neurons). Blue circles indicate cells 
that are preferentially active during rest versus active exploration; red circles are cells that exhibit activity 
prevalently during active exploration; white cells have no preference for activity during rest or active explora-
tion. C. Example calcium transients from 7 neurons. D. Deconvoluted spiking activity from the same neurons 
as in C. E. Preference ratio for activation during rest or active exploration. A negative ratio indicates that the 
cell is preferentially active during rest. A positive ratio indicates a preference for activity during active explo-
ration. Each dot represents an individual neuron plotted to its corresponding preference. F. An example of 
a representative neuron preferentially active during behavioral training (top) or rest (bottom). The blue lines 
indicate separate sample trials and rest periods across one typical day. G. Each panel consists of a putative 
cell assembly displaying activity in multiple location of the arena. Firing activity is particularly visible in the 
locations where objects are placed.
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Figure 6.6 Extracted regions of interests and example calcium transients and spiking activity in mouse 
32365 A. Putative neurons were extracted with constraint non-negative matrix factorization in mouse 32365 
(Donatello, n=395 neurons). Blue circles indicate cells that are preferentially active during rest versus active 
exploration; red circles are cells that exhibit activity prevalently during active exploration; white cells have 
no preference for activity during rest or active exploration. C. Example calcium transients from 8 neurons. D. 
Deconvoluted spiking activity from the same neurons as in C. D. Preference ratio for activation during rest or 
active exploration in mouse Donatello (n=395 cells). A negative ratio indicates that the cell is preferentially 
active during rest. A positive ratio on the other hand indicates a preference for activity during active exploration. 
E. An example of a representative neuron preferentially active during behavioral training (top) or rest (bottom). 
The blue lines indicate separate sample trials and rest periods across one typical day. 
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Figure 6.7 Extracted regions of interests and example calcium transients and spiking activity in mouse 56165 
A. Pictures that depict mouse 56165 (Castor, left picture) eating a treat after working hard in the Object Space 
task. His brother, Pollux notices the treat (middle picture) and decides to try and steal it from Pollux (right 
picture). B. Neurons were extracted with constraint non-negative matrix factorization in mouse Castor (n=197 
neurons). Blue circles indicate cells that are preferentially active during rest versus active exploration; red 
circles are cells that exhibit activity prevalently during active exploration; white cells have no preference for 
activity during rest or active exploration. C. Example calcium transients from 7 neurons. D. Deconvoluted spiking 
activity from the same neurons as in C. E. Preference ratio for activation during rest or active exploration in 
mouse Castor (n=197 cells). A negative ratio indicates that the cell is preferentially active during rest. A positive 
ratio on the other hand indicates a preference for activity during active exploration. F. An example of a repre-
sentative neuron preferentially active during behavioral training (top) or rest (bottom). The blue lines indicate 
separate sample trials and rest periods across one typical day.
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DISCUSSION
In this study, large scale recordings of neurons in the medial prefrontal cortex were 
made while animals were trained on the Object Space task. Cell activity was recorded 
during each sample trial across the entire training week, as the animal was trained on 
the overlapping, stable and random condition. In addition, activity from large neural 
populations have also been recorded while the animal was resting during the inter-trial 
intervals, providing the opportunity to investigate memory-related processes during 
rest or sleep, perhaps even memory replay (Wilson and McNaughton 1994). 
So far, only preliminary analyses have been conducted on the acquired data set, 
thus neural correlates for the formation of a semantic-like memory in the overlapping 
condition of the Object Space task have not been established yet. Importantly 
however, we have demonstrated that activity from hundreds of cells can be extracted 
in each animal and the same cells can be followed across one whole training week. 
This will be essential for future analyses on how semantic-like memories are gradually 
constructed and represented in the medial prefrontal cortex. In addition, clusters of 
cells highly correlated with one another can be extracted from the signals acquired 
during the Object Space task. However, it remains to be determined what their role is 
in acquiring the semantic-like memory. 
Cells display preference for activation during rest or behavioral training
It was found that a proportion of cells in the medial prefrontal cortex had preference 
for exhibiting activity during rest, whereas other neurons were preferentially active 
during the sample trials. The majority of cells had no clear preference for displaying 
activity during rest or during the sample trials. It would be interesting to direct future 
analyses on the specific function of these clusters of neurons in memory abstraction 
processes. Specifically, it might be that the cells without preferential activity are of 
particular interest in terms of memory replay. Patterns of neural activity associated 
with an experience are replayed during sleep (Wilson and McNaughton 1994; Lee 
and Wilson 2002; Euston, Tatsuno, and McNaughton 2007). This phenomenon can 
be observed in the hippocampus as well as the neocortex (Lee and Wilson 2002, 
Battaglia, Sutherland et al. 2004). Thus, cells with an extremely strong preference 
for activation during sleep or behavioral training might be less functional for such a 
process. Cells that are roughly equally active during sleep and behavioral training on 
the other hand, might be more related to processing information during an experience 
and subsequent replay during sleep. However, it can also be hypothesized that the 
cells that are particularly active during rest are at least equally important for memory-
related processes. It has been well established that activity in the prefrontal cortex 
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is heavily modulated by sleep (Diekelmann and Born 2010, Born and Wilhelm 2012, 
Genzel, Kroes et al. 2014). During nonrapid eye movement (NREM) sleep, cortical 
slow oscillations emerge, which are synchronous events characterized by alternations 
between states of generalized cortical excitation (UP states) and relative neuronal 
silence (DOWN states). Slow oscillations coordinate other oscillatory phenomena 
such as delta waves and thalamo-cortico spindles, which are implicated in memory 
consolidation processes (Maingret et al. 2016). It has been hypothesized that UP 
states emerge through excitatory feedback between cortical neurons (Amzica and 
Steriade 1998). Perhaps the neurons observed to be especially active during rest 
play a role in some of these processes. In addition, synchronization and amplitude 
of slow oscillations is increased after learning (Molle, Marshall et al. 2004). Thus, 
perhaps the neurons that are preferentially active during behavioral training are able 
to modulate the neurons prevalently active during rest, which can be analyzed from 
the data set acquired in this experiment. 
Interestingly, slow oscillations modulate activity in other brain areas, such as the 
thalamus and hippocampus (Hahn, Sakmann et al. 2006, Isomura, Sirota et al. 2006). 
In turn, UP states might facilitate hippocampal replay, which are tightly locked to the 
occurrence of sharp-wave ripples. Cortical replay occurs briefly after, suggesting a 
cortical-hippocampal loop facilitating memory consolidation (Born and Wilhelm 2012, 
Genzel and Battaglia 2017). However, with just calcium transient recordings from the 
medial prefrontal cortex, investigating systems consolidation processes are limited. 
Future directions could also aim to apply electrophysiology in the hippocampus 
simultaneously with in vivo calcium imaging of the medial prefrontal cortex. This way, a 
more thorough investigation of memory consolidation processes can be achieved. For 
example, the dialogue between the medial prefrontal cortex and hippocampus during 
learning and consolidation can be explored in more detail. In addition, investigating 
memory replay will be less challenging then using calcium transients alone. Replay 
occurs compressed in time, with a rate 10 times faster compared to the original 
activation during the experience (Lee and Wilson 2002, Ji and Wilson 2007). Although 
GCaMP6f has one of the fastest decay times of all available calcium indicators, 
recordings can only be acquired at a maximum of 15-20Hz (Chen, Wardill et al. 2013). 
Although hippocampal replay processes have been analyzed from calcium transients 
in a previous study, additional electrophysiological recordings from the hippocampus 
remain necessary in order to relate sharp-wave ripple activity to potential memory 
replay (Malvache, Reichinnek et al. 2016). 
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How is an abstracted memory formed in the medial prefrontal cortex?
Previous studies have demonstrated that the medial prefrontal cortex preferentially 
codes for abstract relationships between features that are behaviorally relevant, 
instead of incidental details an animal encounters in a particular task (Rich and 
Shapiro 2009, Ma, Hyman et al. 2016). This abstract information is acquired gradually 
(Morrissey, Insel et al. 2017). Thus, it can be hypothesized that in the earlier stages 
of learning in the Object Space, cell assemblies might code for specific features the 
animal encounters in the arena, such as the different object locations and particular 
features of the arena (walls, floor, cues etc.). As the animal acquires the overlapping 
spatial pattern, cell assemblies might change dynamically to represent more abstract 
relationships, such that the representation of the stable object location in space 
would be clearly different from the representation of the moving object locations. 
However, when would this cell assembly become particularly active and what are 
the potential consequences for the animal’s behavior? Exploration of the stable 
object becomes reduced as the animal gradually acquires that the moving object 
is more novel and thus more interesting to explore (Fig 6.3). Thus, whenever the 
animal perceives the stable object location, the retrieval of the associated abstracted 
memory representation should subsequently inhibit exploration of the stable object 
representation (Durstewitz, Vittoz et al. 2010, Powell and Redish 2016). Initiating 
exploration of the moving object however might be induced by a signal of novelty, which 
occurs both in the hippocampus and prefrontal cortex (Sokolov 1963, Yamaguchi, 
Hale et al. 2004, van de Ven, Trouche et al. 2016). 
The cell assembly associated with the abstracted memory should be replayed 
during subsequent rest or sleep in order to strengthen and stabilize the information 
in the medial prefrontal cortex. But the type of information to be replayed in the 
cortex may be driven by the hippocampus and typically involves novel, behaviorally 
relevant information (Carr, Jadhav et al. 2011, Jadhav, Rothschild et al. 2016, van de 
Ven, Trouche et al. 2016). However, a recent study suggests that replay of specific 
hippocampal representations can occur concomitantly with activation of cortical 
ensembles that represent generalized information cortex, particularly during awake 
replay events (Yu, Liu et al. 2018). Perhaps in earlier stages of training, when the 
animal has not acquired the abstracted memory representation yet, the information 
that is replayed during subsequent sleep consists mostly of novel information. As 
the animal progresses during behavioral training, an abstracted representation of 
the memory might be replayed into the cortex concurrently with other, more novel, 
hippocampal representations. This will be described in more detail in Chapter 8.
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Although the analyses are still preliminary, four important things have been established 
in this experiment: Mice with surgical implants are able to acquire a semantic-like 
memory in the Object Space task; It has been demonstrated that it is possible to 
record from hundreds of neurons simultaneously in the medial prefrontal cortex while 
the mouse is performing the Object Space task;  Neurons and spiking activity can be 
extracted from a data set spanning the entire week of behavioral training and test; 
and using non-negative matrix factorization, putative cell assemblies can be extracted 
from the recording data, which is essential for further investigations in how semantic-
like memories are gradually constructed in the medial prefrontal cortex. 
To conclude, in the previous Chapters, it has been repeatedly established that the 
Object Space task is a suitable model for studying memory processes that require 
the accumulation of information over the course of several training days, in the 
healthy brain. The semantic-like memory that is extracted from multiple events is 
highly robust but prone to interference under certain conditions. To demonstrate the 
translational value of the Object Space task, the final experimental Chapter 7 will aim 
to investigate semantic-like memory processes in a mouse model of autism.  
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SEMANTIC-LIKE MEMORY PROCESSES IN AN 
ANIMAL MODEL OF AUTISM
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ABSTRACT
Autism is a complex condition characterized by perseverant behaviors, altered 
language development and impaired social behavior. Memory processes are also 
affected in autism. Episodic memory is typically impaired but semantic learning 
abilities are either unaffected or superior in particularly high-functioning autism. 
Kleefstra syndrome is a condition typified by autism and severe intellectual disability. 
The euchromatic methyltransferase 1 heterozygous knockout (Ehmt1+/-) mouse is 
a model for Kleefstra syndrome. Studies on memory processes in Ehmt1+/- mice 
have provided mixed results, with hippocampal-dependent memory impaired in some 
studies but superior in others. However, semantic-like learning abilities in this model or 
other mouse models of autism have not yet been tested. In this Chapter, we assessed 
the construction of an abstracted memory in Ehmt1+/- mice in the Object Space task, 
a novel behavioral paradigm for semantic-like memory. In this task, mice are exposed 
to two objects arranged in an overlapping spatial configuration in which one object 
is consistently placed in the same location across trials (stable) and another object 
moves to a different location with each trial. Over the course of learning, mice acquire 
the spatial pattern and gradually increase preference for exploring the less stable, 
or moving object. The results demonstrate superior semantic-like learning abilities in 
Ehmt1+/- mice compared to wildtype controls, which might be more typical for high–
functioning autism instead of intellectual disability. 
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INTRODUCTION
In this thesis, we have investigated memory dynamics in the neocortex in the healthy 
mouse brain. Investigating functional processes in the healthy brain is an important 
step towards comprehension of dysfunctional processes in the brain. Memory deficits 
are key to a number of neuropsychiatric disorders such as Alzheimer’s Disease, 
mood disorders, schizophrenia and neurodevelopmental conditions such as autism 
spectrum disorder. Animal models have greatly improved our understanding of the 
underlying mechanisms of many such disorders and accordingly informs us about 
healthy brain function as well. In this Chapter, semantic-like memory processes were 
investigated in a mouse model of autism.
Autism spectrum disorder is a genetically complex condition typified by altered language 
and communication development, impaired social interaction and perseverant 
behaviors (Association 2013). In addition, memory deficits are also apparent in 
humans with autism. However, there is some debate about the exact nature of 
altered memory processing in autism as literature suggests a heterogeneous impact 
of autism on declarative memory. Generally, episodic memory is impaired (Boucher, 
Mayes et al. 2012). Compared to matching controls, narratives of autobiographical 
memory in children with autism tend to be less coherent or detailed (Diehl, Bennetto 
et al. 2006, Bruck, London et al. 2007, Goddard, Dritschel et al. 2014, Goddard, 
Dritschel et al. 2014, Williams, Minshew et al. 2017). Notably, they tend to retrieve 
categorical, general memories instead of episodic details (Goddard, Dritschel et al. 
2014, Goddard, Dritschel et al. 2014). Episodic memory impairments are also evident 
in adults with autism and are usually expressed as impaired recall of previously 
learned items (Gaigg, Gardiner et al. 2008, Gaigg, Bowler et al. 2014). 
Conversely, whether processing of semantic information is altered in autism remains 
controversial, with findings demonstrating semantic memory being unaltered or even 
superior (Bowler and Briskman 2000, Bowler, Gaigg et al. 2008, Boucher, Mayes et 
al. 2012). Falsely remembering of categories that were not presented at the time of 
encoding, termed gist-based illusions, have been studied in adult individuals with 
autism to assess semantic memory function. In these studies, individuals with autism 
and controls are subjected to the Deese, Roediger and McDermott semantic priming 
paradigm in which subjects are typically presented with a list of words (such as apple, 
juice, cherry, ripe) that are related to an index word that is not on the list (fruit). 
During a recognition test, positive responses to the index words represent ‘false 
memories’ or false recognition. Some studies have found no differences between 
individuals with autism and controls on false recognition whether it was with verbal 
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or visual stimuli (Bowler and Briskman 2000, Molesworth, Bowler et al. 2005, Gaigg 
and Bowler 2009). However, other studies found a reduction in false recognition, 
which indicates more accurate memory in this task. However, it is also interpreted as 
impaired gist extraction and might be associated with the development of restricted 
semantic networks (Beversdorf, Smith et al. 2000, Beversdorf, Narayanan et al. 
2007, McCleery, Ceponiene et al. 2010, Parra, Cubelli et al. 2016). One hypothesis 
suggests that individuals with (high-functioning) autism are not necessarily impaired 
in the processing of semantic information, but that impairments in episodic memory 
prevents the accumulation of information in order to establish a semantic network 
(Beversdorf, Smith et al. 2000). In other words, there might be a limited ability to use 
context-specific information to link items of a particular semantic category. Hence, 
boosting episodic memory recollection might enhance gist extraction, thus increase 
false recognition. Parra et al. (2016) studied this hypothesis by using a paradigm that 
included not only lists of words, but also word-picture pairings and pictures only. The 
idea was that the combination of two stimulus modalities, i.e. the word-picture pairings, 
would have the greatest effect on episodic memory and consequently would result in 
increased memory illusions compared to words or pictures only. Their findings confirm 
this hypothesis and support the notion that individuals with autism do not necessarily 
have impaired semantic memory, but rather their impaired episodic memory resulting 
in a decreased ability to establish semantic networks (Bennetto, Pennington et al. 
1996, Ciaramelli, Lauro-Grotto et al. 2006, Parra, Cubelli et al. 2016).
Genetic animal models of autism have been validated as tools to investigate autism 
pathophysiology. The most common known inherited single gene cause of autism is 
fragile X syndrome, arising from a triplet expansion of the Fmr1 gene which ultimately 
leads to disturbed plasticity of synaptic function of both pyramidal cells and interneurons 
(Santos, Kanellopoulos et al. 2014). Fmr1-knock out mice (Fmr1 KO) display similar 
behavioral phenotypes to humans with fragile X syndrome, including impaired social 
behavior and perseverant behaviors (Kazdoba, Leach et al. 2014, Melancia and Trezza 
2018). Several studies have investigated hippocampal processes in Fmr1 KO mice. 
Whereas one study found that wildtypes and Fmr1 KO mice display comparable place 
cell spatial firing properties (Talbot, Sparks et al. 2018), Arbab et al. (2018) found larger 
place fields in Fmr1 KO, indicating reduced spatial specificity of hippocampal place 
cells. In addition, within a single recording session in the same environment, stability 
of place fields is impaired in Fmr1 KO mice compared to wildtypes (Arbab, Pennartz 
et al. 2018). Although these results indicate disrupted hippocampal physiology, it 
does not necessarily imply spatial memory deficits in Fmr1 KO. Indeed, in an active 
place avoidance task, both wildtype and Fmr1 KO mice were able to discriminate 
between a safe zone within the environment and the zone associated with shock. 
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However, Fmr1 KO mice showed excessive synaptic transmission and plasticity in the 
hippocampus after learning compared to wildtypes (Talbot, Sparks et al. 2018). In 
addition, Fmr1 KO mice were impaired when they are presented with information that 
is conflicting with their previous memory. This was concomitant with abnormal theta-
gamma coupling in the hippocampus (Radwan, Dvorak et al. 2016, Talbot, Sparks et 
al. 2018). Specifically, in wildtype mice the phase-amplitude coupling of gamma and 
theta oscillations reduced when either the shock zone was changed or removed. In 
Fmr1 KO mice on the other hand the coupling persisted, suggesting that processing 
of information is poorly coordinated and excessively stable (Radwan, Dvorak et al. 
2016). This pathological hypersynchronization of hippocampal neurons has also been 
found when Fmr1 KO mice were allowed to freely explore an environment and may be 
associated with inadequate excitatory/inhibitory coupling between neurons (Arbab, 
Battaglia et al. 2018). In addition to disrupted hippocampal function in Fmr1 KO 
mice, a state of hypersynchrony has also been found in the developing neocortex, 
concomitant with increased spiking activity during quite wakefulness or sleep 
(Goncalves, Anstey et al. 2013).
Similar to Fragile X syndrome, Kleefstra syndrome is a genetic disorder characterized by 
general developmental delay, impaired memory and mainly severe intellectual disability 
and autism (Kleefstra 2005, Kleefstra, Brunner et al. 2006). Haploinsufficiency of 
the euchromatic histone methyltransferase 1 (Ehmt1) is the main cause of Kleefstra 
syndome. Ehmt1 is an important regulator of synaptic scaling, a process critical for 
the stabilization of neural network activity and required for proper cortical neural 
circuitry development in culture (Benevento, Iacono et al. 2016, Martens, Frega et 
al. 2016). Lacking the Ehmt1 gene completely (Ehmt1-/-) causes high mortality in 
mice and most embryo’s die at E9.5 (Tachibana 2005). However, heterozygous Ehmt1 
animals (Ehmt1+/-) are viable and recapitulate some features of the human phenotype: 
Ehmt1+/- mice show delayed postnatal development, indicated by delayed increase in 
body weight and delayed onset of ear opening, eye opening and upper incisor eruption. 
In addition, Ehmt1+/- mice have facial and cranial abnormalities that correspond to the 
abnormalities seen in human patients (Balemans, Ansar et al. 2014).
At a behavioral level, Ehmt1+/- mice display reduced exploration and increased 
anxiety when exposed to novel environments and impaired social behavior towards 
conspecifics, demonstrated by a delayed response to social novelty and diminished 
social play behavior with unfamiliar mice (Balemans, Huibers et al. 2010). In most 
learning and memory paradigms Ehmt1+/- perform similar to their wildtype controls. 
Interestingly, Ehmt1+/- mice outperform wildtypes in the Location Discrimination 
task, which is a task that assesses spatial learning and more specifically pattern 
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separation (Benevento, Oomen et al. 2017). Animals were required to discriminate 
between two square windows in a touch screen platform (Oomen, Hvoslef-Eide et al. 
2013). The distance between the windows could be varied, resulting in increased 
or decreased similarity of the locations. Small distance between locations requires 
increased pattern separation. Enhanced performance of Ehmt1+/- mice on this task was 
most pronounced when stimuli were presented at a small or intermediate distance, 
indicating enhanced pattern separation. Similar results have been demonstrated in 
individuals with high functioning autism (Plaisted, O’Riordan et al. 1998). Pattern 
separation heavily involves increased adult born neurons in the dentate gyrus (DG) 
and accordingly, Ehmt1+/- mice had increased neural stem cell proliferation in the 
subgranular zoned of the DG compared to wildtypes (Clelland, Choi et al. 2009, 
Benevento, Oomen et al. 2017). This finding is quite remarkable, as Kleefstra 
syndrome is classically associated with severe learning disabilities and earlier studies 
have shown impaired hippocampal-dependent learning in Ehmt1+/- mice and impaired 
hippocampal physiology, including increased excitability in CA1 (Balemans, Kasri 
et al. 2013) While impairments in hippocampal-dependent memory may to some 
extent reflect the episodic memory impairments in humans, the increased anxiety-
like behavior in Ehmt1+/- may have confounded performance in learning paradigms in 
previous studies. Especially in one-trial learning paradigms with minimal habituation 
to the environment, as was the case in the Balemans et al. studies (Balemans, 
Huibers et al. 2010, Balemans, Kasri et al. 2013). 
Perhaps the cognitive abilities of these animals are underestimated and their 
phenotype may not represent all cases of Kleefstra syndrome, but instead represent a 
phenotype for high-functioning ASD. In addition, there is an extensive body of literature 
available on semantic learning abilities in human individuals with autism and the 
majority of these studies are based on humans with high-functioning ASD. However, 
to our knowledge, semantic learning abilities in rodent models of autism have not yet 
been tested. Thus, to further characterize semantic memory processes in Ehmt1+/- 
mice, we assessed performance of these animals in the Object Space task, a novel 
behavioral paradigm for semantic-like learning abilities accompanied by proper 
controls. In the key condition of this task, overlapping spatial configurations with two 
objects are presented to the animal for multiple trials per day, for 4 consecutive days. 
This allows the animal to accumulate information over time in order to construct a 
generalized, or abstracted, memory over the course of training. 
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METHODS
Subjects
Male wildtype and Ehmt1+/- mice (bred in-house), 12-16 weeks of age at the start of 
behavioral training were group housed with ad libitum access to food and water. Mice 
were maintained on a 12hr/12hr light/dark cycle and tested during the light period. 
In compliance with Dutch law and Institutional regulations, all animal procedures were 
approved by the Centrale Commissie Dierproeven (CCD) and conducted in accordance 
with the Experiments on Animal Act. 
Behavioral training
Habituation and behavioral training has been described previously in Chapter 2 and 
Genzel et al. (2017). Briefly, all animals were extensively handled before the start of 
habituation. Mice were habituated to a square arena (75cmx75cm) for 5 sessions 
within 5 days. In the first session, mice were placed in the arena together with all 
cage mates for 30 minutes. In the remaining sessions, mice were placed in the arena 
individually for 10 minutes. In the final two sessions, two objects (made from Duplo 
blocks, not used in the main experiment) were placed in the arena and animals were 
allowed to explore.
Animals were trained on all three conditions: stable, overlapping and random. 
Conditions and locations were counterbalanced among animals and sessions, and 
the experimenter was blinded to the condition and genotype. At the beginning of 
each 5-day session, cues were placed on the walls inside the box and at least one 
3D cue was placed above one of the other walls. Cue distribution was intentionally 
non-symmetric. A camera was placed above the box to record every trial and to allow 
for online scoring of exploration time with our in-house scoring program, the Object 
Scorer. In each condition, animals were allowed to explore two objects for 5 minutes 
with an inter-trial interval of 30min. Before the beginning of each sample trial, the 
box and the objects were thoroughly cleaned with 70% ethanol. Each sample trial 
consisted of a different pair of matching objects varying in height width, texture and 
material. Objects were never repeated during the training period of one condition 
(1 session). The test trial, 24hrs after the last sample trial, consisted of again two 
objects and animals were allowed to explore for 10min, however only the initial 5min 
were used for analysis. The Object Scorer software (described in Chapter 2) was used 
for online scoring and extraction of exploration times during all trials.
For the overlapping condition session, one object location was designated as the 
‘stable’ object location, indicating that in each trial over the course of the entire 
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session one object was positioned in this location. The other object location (‘less 
stable’ or ‘moved’ object location), was positioned in any of the other possible object 
locations, in a pseudo-random fashion. In the stable condition, two objects remained 
in the same location across all sample trials but one object moved during test. Finally, 
in the random condition objects were placed in two different locations with each trial 
in pseudo-random manner. 
Statistical analysis
The discrimination index used to assess memory performance was calculated as the 
difference in time exploring the novel object location and stable location divided by the 
total exploration time. This results in a score ranging from -1 (preference for the stable 
location) to +1 (preference for the less stable object location). A score of 0 indicates 
no preference for either object location. In addition, considering that behavior of the 
Ehmt1+/- mice is quite complex in terms of anxiety and cognitive processes (Balemans, 
Huibers et al. 2010, Balemans, Kasri et al. 2013, Benevento, Oomen et al. 2017), 
we took additional measures to have a more detailed look into the behavior of these 
mice in the Object Space task. For the overlapping condition, average frequency and 
bout length was calculated to assess how often mice visit the objects in a given trial 
and the duration of a particular visit. Finally, to account for individual variability a 
discrimination index for both frequency and bout length was calculated. The frequency 
index was calculated as the difference in frequency exploring the less stable object 
location and stable location divided by the total frequency. The bout length index was 
calculated as the difference in bout length of exploring the less stable object location 
and stable location divided by the total bout length.
Exploration time and discrimination index was assessed by including the factors 
condition, trial, and day, with between-subjects factor genotype across the 20 sample 
trials in mice in a repeated measure ANOVA. To assess memory performance, 
a repeated measures ANOVA was conducted across all sample trials with factors 
condition, trial and day; with genotype as between-subjects factor. Subsequently, since 
the overlapping condition is the key condition in the Object Space task, a separate 
repeated measures ANOVA was performed with factors trial and day, and genotype 
as between-subjects factor. When a significant main effect or interaction was found, 
post-hoc ANOVA’s were performed to analyze differences in memory performance 
between genotypes during pretraining and test.
For a more detailed analysis of behavior between genotypes, differences in average 
frequency of object visits per trial and average bout per visit were calculated. An ANOVA 
was performed to assess differences in average frequency, frequency index, average 
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bout length and bout length index between genotypes. Linear regression analysis was 
performed to assess any relation between exploration time and discrimination index 
during pretraining and test. One sample t-tests were performed to analyze memory 
performance with respect to chance level at test in all conditions and additionally at 
pretraining in the overlapping condition. Finally, Fisher’s Exact Test and Chi-square 
tests were performed to investigate the relationship between discrimination index and 
the position of the designated stable object location. 
RESULTS
Ehmt1+/- mice (n=19) and wildtype controls (n=29) were subjected to the random 
condition, stable condition and overlapping condition of the Object Space task. The 
aim of this study was to specifically investigate semantic-like memory processes in 
Ehmt1+/- mice. Thus, in addition to a general analysis across all conditions, a more 
detailed analysis was performed on the overlapping condition only. 
Exploration time across conditions
Differences in exploration time were analyzed in a repeated measures ANOVA 
that included within-subjects factors condition, day and trial; with genotype as 
between-subjects factor (Fig 7.1A&D). Exploration time was significantly different 
between genotypes (F1,46=9.898, p<0.01). This is consistent with previous results 
demonstrating lower exploration time in Ehmt1+/- mice versus wildtype controls in 
the open field test and might be due to increased anxiety-like behavior (Balemans 
et al. 2010). In addition, there was a significant trial by genotype interaction, day by 
genotype interaction and a significant three-way interaction between day, trial and 
genotype (day x genotype F3,138=3.629, p<0.05; trial x genotype F4,184=4.831, p<0.01; 
day x trial x genotype F12,552=2.132, p<0.05). 
However, there was no significant effect of condition or interaction between condition 
and genotype, indicating that wildtypes and Ehmt1+/- mice did not explore differently 
across conditions (condition F2,92=2.401, p=0.096; condition x genotype F2,92=0.381, 
p=0.68; condition x day x genotype F6,276=1.534, p=0.17; condition x trial x genotype 
F8,368=1.170, p=0.32; condition x day x trial x genotype F24,1104=1.370, p=0.11). 
In addition, consistent with previous studies in the Object Space task, a significant 
main effect of trial, day and a day by trial interaction was found (day F3,138=15.907, 
p<0.001; trial F4,184=6.730, p<0.001; day x trial F12,552=10.423, p<0.001). It can 
often be observed over the course of training is reduced exploration time during the 
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first trial of each training day. In addition, exploration can be affected by the particular 
object pair that the animal is exposed to in a given trial. All other main or interaction 
effects were not significant (condition x day F6,276=1.392, p=0.22; condition x trial 
F8,368=0.765, p=0.63; condition x day x trial F24,1104=1.370, p=0.18).
Discrimination index across all sample trials and conditions 
A repeated measures ANOVA was performed to assess memory performance across 
conditions (Fig 7.1B&E). The model included factors condition, day and trial, with 
genotype as between-subjects factor. In some cases, mice did not explore at all during 
a particular trial. These trials were treated as missing values and replaced using 3 
methods, namely median or mean of all data points for that particular mouse, and the 
median for 2 values below and above the missing value. All 3 methods yielded the 
same statistical outcome. Here, the analysis from the transformed data set using the 
median to replace missing values will be reported.
Memory performance across all conditions was not different between genotypes, 
indicating mice from both genotypes similarly performed in all conditions (F1,46=0.972, 
p=0.329). A significant effect of condition was found, indicating that all mice 
accumulated memory in the overlapping condition only (F2,92=5.902, p<0.05). 
In addition, a significant interaction between condition and genotype was found, 
indicating that wildtype mice and Ehmt1+/- mice did perform differently depending 
on the condition (F2,92=5.086, p<0.05). No other interaction effects with condition 
were significant (condition x day F6,276=2.119, p=0.059; condition x trial F8,368=1.326, 
p=0.242; condition x trial x genotype F8,368=0.734, p=0.66; condition x day x trial 
F24,1104=1.321, p=0.186; condition x day x trial x genotype F24,1104=0.69, p=0.866). 
A significant effect of day was found, indicating that discrimination index fluctuated 
across days (F3,138=3.401, p<0.05). No other significant effects of interactions were 
found (day x genotype F3,138=0.293, p=0.83; day x trial F12,552=1.003, p=0.45; day x 
trial x genotype F12,552=1.649, p=0.075; trial F4,184=0.498, p=0.737; trial x genotype 
F4,184=0.66, p=0.59). Overall, these results suggest that all mice accumulated memory 
across training in the overlapping condition. Whereas no significant effect of genotype 
was found, the condition x genotype interaction suggests there might be differences 
that are specific to a particular condition. 
Memory is absent at test in the stable condition in Ehmt1+/- mice
One sample t-tests were performed to assess memory performance with respect to 
chance level in all animals during pretraining and test. Ehmt1+/- mice (n=19) did not 
perform significantly above chance at test in the stable condition, whereas wildtype 
mice (n=29) did show significant memory performance at test (Ehmt1+/- pretraining 
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t18=-1.142, p=0.27; test t18=-0.214, p=0.83; wildtype pretraining t28=1.462, p=0.15; 
test t27=2.061, p<0.05). This indicates that Ehmt1
+/- mice did not retain a memory 
24hr after the last sample trial in the stable condition (7.1F). As expected, no effects 
were found in the random condition in wildtype controls (pretraining t28=-1.159, 
p=0.26; test t28=0.415, p=0.68). Unexpectedly however, discrimination index was 
significantly below chance in Ehmt1+/- mice during pretraining, which may have been 
a result of lack of counterbalancing (t18=-2.554, p<0.05). At test, there were no 
significant effects found (t16=0.155, p=0.879) (Fig 7.1C).  
Specific effects in semantic-like memory 
Differences in exploratory-related behavioral variables between Ehmt1+/- mice and 
wildtype controls
Since the aim of this study was to specifically assess semantic-like learning abilities 
of Ehmt1+/- mice, further analysis was done on the overlapping condition (Fig 7.2). 
Repeated measures ANOVA across sample trials showed a significant effect of 
genotype, indicating that Ehmt1+/- display reduced exploration time compared 
to wildtype controls in the overlapping condition (F1,46=7.008, p<0.05) (Fig 7.2A). 
Further, a significant main effect of day, trial and significant interaction between 
day and trial was found (day F3,138=5.392, p<0.01; trial F4,184=3.255, p<0.05; day x 
trial F12,552=5.037, p<0.001). In addition, a significant interaction between day and 
genotype was found (day x genotype F3,138=4.220, p<0.05; trial x genotype F4,184=0.934 
p=0.44). Finally, a significant three-way interaction between day, trial and genotype 
was found (F12,552=2.553, p<0.05). This indicates that exploration time across sample 
trials and days fluctuated for each genotype. When exploration time was averaged 
across pretraining and test in the overlapping condition, one-way ANOVA confirmed 
that Ehmt1+/- mice explore significantly less during pretraining and test compared to 
wildtype controls (pretraining F1,46=7.008, p<0.05; test F1,46=7.997, p<0.01) (Fig 
7.2B).
To investigate whether reduced exploration in Ehmt1+/- mice resulted from differences 
in the frequency of object visits, frequency per trial was averaged across pretraining 
and calculated for test (Fig 7.2D). Interestingly, Ehmt1+/- mice (n=14) exhibited 
significantly reduced frequency in object visits during pretraining compared to wildtype 
mice (n=23), but not at test (pretraining F1,36=8.160, p<0.01; test F1,36=2.681, p=0.1). 
Repeated measures ANOVA across the 5 minutes that the animal was allowed to 
explore confirmed that the number of object visits remained consistently reduced 
across minutes in Ehmt1+/- during pretraining but not at test (F1,31=11.899, p<0.01; 
minute x genotype F4,124=1.206, p=0.30) (Fig 7.2E-F). 
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Figure 7.1 Exploration time and discrimination index in the random condition and stable condition in Ehmt1+/- 
mice (n=19) and wildtype controls (n=29). Top panel (random condition): A. Exploration time across sample 
trials and test for each genotype. B.Discrimination index across sample trials and test for each genotype. C. 
(Left) No significant effects were observed with respect to chance level in wildtype controls during pretraining 
or test (pretraining p=0.24; test p=0.28). (Middle) In Ehmt1+/- mice, a significant effect below chance level was 
found in pretraining (*p<0.05), but no effect at test (p=0.88). (Right) The same data as C(left) and C(middle) 
but grouped per genotype during pretraining and test. Bottom panel (stable condition): D. Exploration time 
across sample trials and test for each genotype. E. Discrimination index across sample trials and test for each 
genotype. F. (Left) Wildtype mice performed significantly above chance during test (pretraining p=0.07; test 
*p<0.05). (Middle) Ehmt1+/- mice on the other hand did not show above chance level memory performance 
at test in this condition (pretraining p=0.27; test p=0.83. (Right) The same data as F(left) and C(middle) but 
grouped per genotype during pretraining and test. Data are shown as mean ± standard error of the mean.
In addition, a significant main effect of minute was observed in pretraining, indicating 
that frequencies fluctuated across minutes (F4,124=4.629; p<0.01). At test, no 
significant differences in frequency between genotypes were found, indicating that 
the effects of frequency were specific to pretraining (F1,31=1.452; p=0.24; minute x 
genotype F4,124=0.515, p=0.67). However, again a significant main effect of minute 
was found, indicating again fluctuations in number of object visits across minutes 
(F4,188=7.111, p<0.001). 
Thus, Ehmt1+/- mice exhibit reduced frequency of object visits within and across 
sample trials, but perhaps Ehmt1+/- mice spend more time exploring the objects with 
each visit. Hence, average bout length during pretraining and test was calculated for 
each genotype (Ehmt1+/- n=14; wildtype controls n=23). However, average duration 
of each visit (bout length) was not significantly different between genotypes during 
pretraining or test (Fig 7.2C) (pretraining F1,36=0.0.332, p=0.57; test F1,36=0.384, 
p=0.54).
Differences in memory-related processes between Ehmt1+/- mice and wildtype controls
It is clear that Ehmt1+/- mice display reduced exploratory-related behaviors, including 
reduced overall exploration time but also reduced number of object visits within and 
across trials, however bout length remained consistent between genotypes. These 
observations might result in differences in memory performance between Ehmt1+/- 
mice and wildtype controls. Memory-related behavioral variables were analyzed by 
calculating discrimination indexes for the variables assessed in the exploratory-
related section above, namely for exploration, frequency and bout length (see Methods 
section; Fig 7.3). 
A repeated measures ANOVA was conducted for discrimination index of exploration, 
with within-subject factors day and trial, and between-subjects factor genotype (Fig 
7.3A). Ehmt1+/- mice and controls performed significantly different across trials 
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(F1,46=5.229, p<0.05).  In addition, a significant main effect of day suggests the 
accumulation of memory over the course of training (F3,138=5.470, p<0.01) (Fig 7.3B). 
No other significant effects were found (day x genotype F3,138=2.399, p=0.071; trial 
F4,184=1.053, p=0.381; trial x genotype F4,184=1.623, p=0.170; day x trial F12,552=1.392, 
p=0.165; day x trial x genotype F12,552=1.012, p=0.436). 
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Figure 7.2 Differences in exploratory-related behavioral variables between Ehmt1+/- mice and wildtype controls 
A. Total exploration time across sample trials and test. Ehmt1+/- mice (n=14) showed significantly reduced explo-
ration time across sample trials compared to wildtype controls (n=23) (p<0.05). B. Exploration time averaged 
across pretraining and test was significantly reduced in Ehmt1+/- mice (pretraining *p<0.05; test **p<0.01). C. 
Average bout length per visit did not significantly differ between genotypes (Ehmt1+/- n=14; wildtype controls 
n=23; pretraining p=0.57; test p=0.54). D. Average number of object visits per trial across pretraining and test. 
Ehmt1+/- mice (n=14) visit the objects significantly less compared to wildtype controls (n=23) during pretraining 
(***p<0.001) and at test (*p<0.05). E-F. In addition, number of object visits remained significantly reduced in 
Ehmt1+/- mice across minutes during pretraining (***p<0.001) but not at test (p=0.24). Data are shown as 
mean ± standard error of the mean. 
Additional one sample t-tests showed that memory performance during pretraining 
was significantly above chance level in Ehmt1+/- mice but not in wildtype mice (Fig 
7.3C, for individual data points see Supplementary Figure 7.1). This would indicate 
that Ehmt1+/- mice did accumulate memory across sample trials, but wildtype mice 
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did not (Ehmt1+/- t18=3.023, p<0.01; wildtype t28=1.594, p=0.12). However, both 
Ehmt1+/- mice and wildtype controls did not show significant memory performance 
above chance level at test (Ehmt1+/- t18=1.004, p=0.33; wildtype t28=1.023, p=0.32), 
implying that wildtype mice are not able to accumulate memory across sample trials, 
hence there is also no memory expression at test. Ehmt1+/- mice on the other hand, 
did show memory performance during pretraining but failed to retain the memory 
at test. Nevertheless, there are signs that Ehmt1+/- mice are able to retain a 24hr 
memory since test performance at trial 16, the first sample trial of the final training 
day, was significantly above chance level (t18=3.725, p<0.01) (Fig 7.3A). In wildtype 
controls this effect was not observed (t28=0.557, p=0.58), further suggesting that 
these mice did not accumulate memory over the course of training days. Overall, 
this implies that Ehmt1+/- mice did acquire the spatial pattern across training days 
and expressed a cumulative memory at pretraining. Wildtype mice however did not. 
In addition, One-way ANOVA found a significant difference in memory performance at 
pretraining between genotypes (F1,46=5.055, p<0.05). This indicates that Ehmt1
+/- 
mice exhibit enhanced memory accumulation over the course of training compared 
to wildtype controls (Fig 7.3C). No significant differences were found at test (F1,46= 
0.181, p=0.67). 
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Figure 7.3 Differences in memory-related behavioral variables between Ehmt1+/- mice and wildtype controls A. 
Discrimination index for exploration across sample trials and test. Ehmt1+/- mice showed significantly increased 
accumulation of memory across sample trials (p<0.05). B. Discrimination index for exploration displayed 
across days for both genotypes. C. Discrimination index for exploration averaged across pretraining confirmed 
significant performance above chance level in Ehmt1+/- (**p<0.01) but not in wildtype controls (p=0.12). No 
significant effects were found at test (Ehmt1+/- p=0.33; wildtype p=0.32). One-way ANOVA confirmed enhanced 
memory accumulation in Ehmt1+/- mice compared to wildtype controls (*p<0.05). No significant effect differ-
ence was found at test (p=0.67). D. Discrimination index for bout length showed marginally significant effects 
above chance level in wildtype controls (n=23; pretraining ◊p=0.08; test ◊p=0.09). In Ehmt1+/- mice a signifi-
cant effect was only found at pretraining (n=14; pretraining p<0.05; test p=0.28). F. Discrimination index 
for frequency during pretraining and at test across genotypes. In wildtype controls, discrimination index for 
frequency showed a significant effect with respect to chance level during pretraining (*p<0.05) and at test 
(*p<0.05). In Ehmt1+/- mice, discrimination index during pretraining was marginally significant above chance 
level (◊p=0.07) but significant above chance level at test (*p<0.05). Data are shown as mean ± standard error 
of the mean.
Discrimination index for frequency during pretraining and test was significantly above 
chance level in wildtype mice, indicating that mice visited the less stable object 
location more than the stable object location (pretraining t22=2.414, p<0.05; test 
t21=2.551, p<0.05). Together with the results from the section above, perhaps this 
could be indicative of a weak display of memory accumulation and retention.  In 
Ehmt1+/- mice, a significant effect above chance level was found at test (Fig 7.3E). This 
result, together with the results from discrimination index for exploration may indicate 
further that Ehmt1+/- mice are able to express memory at test.  Frequency index during 
pretraining showed a marginally significant effect (pretraining t13=1.924, p=0.07; test 
t12=2.931, p<0.05). No differences in frequency index were found between genotypes 
(pretraining F1,35=0.896, p=0.35; test F1,33=2.017, p=0.165).
Finally, bout length index was calculated for pretraining and test in both genotypes 
(Fig 7.3D). In wildtype controls, a marginally significant effect was found in bout length 
index during both pretraining and test, indicating that the duration of less stable 
object location visits may be slightly higher than the duration of the stable object 
location (pretraining t22=1.834, p=0.08; test t22=1.744, p=0.09). In Ehmt1
+/- mice, 
discrimination index for bout length was only significantly above chance level during 
pretraining, which suggests mice spend more time exploring the less stable object 
with each visit compared to the stable object. Chance level performance at test 
indicates that visits to the less stable or stable object location had similar durations 
(pretraining t14=2.263, p<0.05; test t14=1.130, p=0.277). 
Overall these results are particularly interesting, since it suggests that Ehmt1+/- mice 
have enhanced pattern recognition abilities, requiring less exploration of the objects 
and fewer visits to establish the abstracted memory. This will be discussed in further 
detail in the Discussion. 
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Performance at pretraining positively predicts performance at test
An additional linear regression analysis was conducted to investigate whether 
performance during pretraining predicts subsequent performance at test (Fig 7.4A). 
With all animals pooled together, there was a significant positive relationship between 
discrimination index at pretraining and test, indicating that if mice acquired the spatial 
pattern during pretraining they will express the semantic-like memory at test as well 
(R2=0.34; p<0.001). 
Reduced exploration time does not affect memory performance
Repeated measures ANOVA showed that Ehmt1+/- mice exhibit significantly reduced 
exploration time across conditions. Since the readout of memory performance in this 
study is exploration for the stable object location versus the moved object location, 
a linear regression analysis was performed in both genotypes to investigate any 
relationship between exploration time and discrimination index during pretraining 
and test (Fig 7.4B). In both Ehmt1+/- mice and wildtype mice, there was no relation 
between exploration time and discrimination index during pretraining or test (wildtype 
pretraining R2=0.004, p=0.72; test R2=0.04, p=0.29; Ehmt1+/- pretraining R2=0.14, 
p=0.11; test R2=0.01, p=0.67). This is an important finding because it indicates that 
the reduced exploration levels in Ehm1+/- mice do not explain the observed enhanced 
memory performance. 
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Exploration time (sec)
A. Correlation between pretraining and test performance 
B. Correlation between pretraining and exploration time in wildtype and Ehmt1+/- mice
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Figure 7.4 Linear regression analysis of pretraining and test performance, memory performance and explora-
tion time A. A significant correlation was found between pretraining and test performance (p<0.001). B. Top 
panel: In wildtype controls, there was no significant relationship between pretraining performance and expora-
tion time (p=0.72). In addition, no significant relationship was found between test performance and exploration 
time (p=0.29). Ehmt1+/- mice: No significant relation was found between pretraining performance and explora-
tion time (p=0.11) or test performance and exploration time (p=0.67). This indicates that reduced exploration 
time in Ehmt1+/- mice does not explain the observed enhanced memory performance.
Control analysis: comparison of designated stable object location and 
discrimination index
An important control analysis is to establish whether memory performance is biased 
by object location. The negative discrimination index values found in some animals in 
pretraining might not necessarily be explained by neophobia but may be explained by 
a location bias. Animals may develop a preference for location in the arena, and thus 
are more likely to explore a particular object location. For example, animals may be 
biased by the fixed location of the experimenter (usually on the left from the arena). 
In addition, the experimenter might be unconsciously placing and removing animals 
from the arena in the same location. 
Discrimination index was calculated for each arena location that was designated as 
the stable object location. The four possible locations were lower left (LL), lower 
right (LR), upper left (UL) and upper right (UR). In addition, the number of positive 
and negative discrimination index occurrences during pretraining was plotted against 
the possible object locations, for each genotype (Fig 7.5). Fisher’s Exact Test was 
calculated to test for a relationship between positive or negative discrimination index 
and object location. When object locations were separated as ‘left’ (LL and UL) and 
‘right’ (LR and UR), there was also no relation between stable object location and 
discrimination index in neither genotype (wildtype p=0.13; Ehmt1+/- p=0.58). 
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Figure 7.5 Discrimination index per designated stable object location in wildtype controls (top) and Ehmt1+/- 
mice (bottom) Left panels display occurrences of stable object location positioned to the left or right of the 
arena against positive or negative discrimination index in wildtype mice (top) and Ehmt1+/- mice (bottom). 
Middle panels depict occurrence of positive or negative discrimination index against the stable object location 
positioned in any of the 4 possible object locations in wildtype mice (top) and Ehmt1+/- mice (bottom). Right 
panels display discrimination index across the 4 possible stable object locations in wildtype mice (top) and 
Ehmt1+/- mice (bottom). In wildtype mice (n=29), location of the stable object did not significantly affect memory 
performance over the course of pretraining (p=0.87). However, in Ehmt1+/- mice (n=19) memory performance 
was significantly biased when the stable object location was fixed to the upper right corner of the arena 
(*p<0.01). Discrimination index acquired during pretraining when the upper right location was designated as 
the stable object location was significantly different from discrimination index acquired when the stable object 
was positioned in the upper left (*p<0.05) or lower left corner (**p<0.01)
In addition, when object locations were taken separately (LL, LR, UL and UR), there 
was no relation found between designated stable object location and positive or 
negative discrimination index, indicating memory performance is not biased by stable 
object location in neither wildtype mice or Ehmt1+/- mice, as calculated by Chi-square 
test (Ehmt1+/-  χ23=2.454, p=0.48; wildtype
 χ23=3.844, p=0.27). 
However, an ANOVA with factor location and pretraining discrimination index was 
performed for each genotype. In wildtype mice, memory performance was not 
biased by the designated stable object location (F3,25=0.237, p=0.87). However, in 
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Ehmt1+/- mice a significant effect was found for stable object location (F3,15=5.913, 
p<0.01). In particular, the highest memory performance during pretraining is found 
when the stable object location is positioned in the upper right corner. Post-hoc tests 
using Bonferroni correction confirmed a significant difference between discrimination 
index associated with the upper right location and the lower left as well as the upper 
left locations (UR LL p<0.05; UR UL p<0.05; UR LR p=0.47; LL LR p=0.83; LL UL 
p=0.1; LR UL p=0.95). Together, these findings indicate that positive or negative 
discrimination index is not biased by stable object location per se, but place preference 
might enhance the memory measure. These findings were based on data points that 
have been acquired across different arenas, experimental rooms and experimenters, 
emphasizing the importance of appropriate counterbalancing in the experimental 
design of the Object Space task. 
DISCUSSION
Autism is a complex condition characterized by impaired social behavior, perseverant 
behaviors and language and communication development (Association 2013). 
Memory processes in autism might be affected as well. Whereas episodic memory 
deficits have been found consistently (Boucher, Mayes et al. 2012, Boucher and 
Anns 2018), semantic memory abilities in individuals with autism may be equal or 
even superior to control subjects under certain conditions (Beversdorf, Smith et al. 
2000, Gaigg, Bowler et al. 2014, Parra, Cubelli et al. 2016). However, semantic-like 
memory abilities in animal models of autism have not yet been studied. Accordingly, 
Ehmt1+/- mice, an animal model of autism, were subjected to the Object Space task, 
accompanied by matching wildtype controls. 
Interestingly, Ehmt1+/- mice appear to express a stronger semantic-like, or abstracted, 
memory than wildtype controls. This is strengthened by the finding that Ehmt1+/- mice 
visit the objects less frequently over the course of training but spend as much time 
with the object as wildtype controls once they initiate an exploration bout. While 
discrimination index for exploration suggests that Ehmt1+/- mice did not retain the 
memory test, the significant performance above chance level in discrimination index 
for frequency does imply that these mice are able to express the memory at test. 
Interestingly, total exploration time was significantly reduced in Ehmt1+/- mice, which 
may indicate that these animals are more ‘efficient’ in expressing the memory and 
are less involved in random exploration. Importantly however, exploration time is not 
significantly correlated to discrimination index, which rules out the possibility that 
the enhanced performance in Ehmt1+/- is merely the result of more efficient memory 
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expression. Curiously, wildtype control mice did not perform as expected. In fact, 
wildtype controls appeared unable to acquire an abstracted memory in the Object 
Space task. This was suggested by chance level performance during pretraining and 
test and a lack of 24hr memory expression at trial 16, the first trial of the final training 
day. However, the discrimination index for frequency in wildtype controls did show that 
preferably the less stable object location is visited compared to stable object location, 
which may be indicative of a weak expression of memory. Nevertheless, the majority 
of data suggests that there is no long-term accumulation or retention of an abstracted 
memory. Together, the ability of the wildtype mice in acquiring a semantic-like memory 
is questionable. It would have been expected that wildtype mice perform similarly 
to mice in Chapter 2. However, the matching wildtype controls do have a different 
genetic background compared to the c57bl6/J mice used in previous studies, their 
performance in the Object Space task might not be comparable. For comparison, 
performance of wildtype mice should be compared to the performance of c57bl6/J 
mice studied in Chapter 2.
Importantly, the designated stable object location significantly biased the expression 
of the semantic-like memory in Ehmt1+/- mice. Specifically, the upper right corner of the 
arena as the stable object location resulted in a significantly different discrimination 
index during pretraining compared to two other designated stable object locations, 
namely lower left and upper left. This effect was found across multiple cohorts of 
mice, experimental rooms, arenas and experimenters. A location effect emphasizes 
the importance of counterbalancing in the experimental design of the Object Space 
task. However, stable object locations were properly counterbalanced across 
sessions. Hence, an issue with counterbalancing could not have resulted in these 
findings. However, the behavior of the experimenter might have affected the behavior 
of the mice. Specifically, the experimenter is always situated in the same location with 
respect to the arena. This may result in a particular pattern for position from which the 
mice are placed in and recovered from the arena across trials, perhaps Ehmt1+/- mice 
are particularly sensitive to such factors due to their increased anxiety-like behavior 
and increased sensitivity to sensory stimuli (Balemans, Huibers et al. 2010, Balemans, 
Kasri et al. 2013). For future studies, the arena should be positioned preferably in 
the center of the experimental room, surrounded by curtains. Experimenters should 
randomize placing and removing animals from the arena. However, more extensive 
analyses on the animal’s behavior are required in order to assess the nature of this 
location bias in more detail. 
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Nevertheless, considering the current results, it is tempting to suggest that Ehmt1+/- 
mice have superior pattern extraction abilities. The results of the experiments 
described in this Chapter, in addition to an extensive assessment of the available 
literature on Ehmt1+/-  mice and human individuals with autism, may indicate that 
Ehmt1+/- mice are a suitable model for high-functioning autism instead of intellectual 
disability. This will be discussed in the context of the extreme attention to detail 
typically found in individuals with autism (hyper-attention to detail) and their superior 
ability to discriminate between sensory stimuli (sensory hypersensitivity), that together 
may contribute to superior pattern identification and an enhanced drive to understand 
rule-based systems (hypersystemizing) (Happe and Frith 2006, Baron-Cohen 2017, 
Robertson and Baron-Cohen 2017).
Hippocampal (dys)function in Ehmt1+/- mice?
Ehmt1+/- mice did not perform significantly above chance at test in the stable condition. 
This effect is similar to a study conducted by Balemans et al. (2013), in which Ehmt1+/- 
mice demonstrated significantly reduced discrimination index compared to wildtype 
controls in a one-event object location memory test. The authors explained this effect 
as signs of hippocampal dysfunction. However, although differences in hippocampal 
function have been found between Ehmt1+/- mice and littermate controls, such 
as increased excitability in CA1 neurons, it does not necessarily have to indicate 
a dysfunction or impairment. Notably, other experiments have confirmed regular 
performance in behavioral tasks that typically involve the hippocampus, including 
spatial learning in the Barnes Maze (Balemans, Kasri et al. 2013), and even superior 
performance in pattern separation learning (Benevento, Oomen et al. 2017). It is 
highly likely that successful performance on the overlapping condition in the Object 
Space task requires both the hippocampus and the medial prefrontal cortex. Since it 
was only attempted to disrupt memory encoding or retrieval by inhibiting the medial 
prefrontal cortex, we cannot confirm the specific contribution of the hippocampus 
in this task. However, the available literature would support the notion that the 
hippocampus is involved in the Object Space task (Wang and Morris 2010, Preston 
and Eichenbaum 2013, Moscovitch, Cabeza et al. 2016). Since the Ehmt1+/- mice 
show superior memory performance compared to wildtype mice over the course of 
training, it is highly unlikely that these mice have hippocampal dysfunction. However, 
this still does not explain why Ehmt1+/- mice did not perform above chance level at 
test during the stable condition. Increased anxiety-like behavior in Ehmt1+/- mice 
might explain disrupted performance at test, since the sudden move of an object 
might induce or exacerbate neophobia in these mice. Further behavioral analyses 
are warranted to investigate these results in more detail. For example, the latency to 
approach the stable or the moved object. 
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Potential sensory hypersensitivity and hyper-attention in autism and Ehmt1+/- mice
Enhanced discrimination of highly similar inputs found in Ehmt1+/- mice might be 
attributed to increased perceptual abilities. Sensory hypersensitivity is often found in 
individuals with autism and is expressed in multiple sensory modalities, but mostly 
in the visual and auditory modality and this is associated with atypical activity in 
sensory cortices (Robertson and Baron-Cohen 2017). Individuals with autism have 
an enhanced ability to discriminate between highly similar visual inputs (Plaisted, 
O’Riordan et al. 1998, Plaisted, O’Riordan et al. 1998). Interestingly, one study in 
high-functioning autism reported superior visual acuity in the range comparable to 
birds of prey (Ashwin, Ashwin et al. 2009). It has been hypothesized that enhanced 
perceptual abilities will result in the expression of hyper-attention to detail, or the 
increased bias towards processing of local features over global features within 
the environment (Happe and Frith 2006). Indeed, individuals with autism perform 
superior in the detection of targets in visual search paradigms and are insensitive 
to distractors on the display (Plaisted, O’Riordan et al. 1998, O’Riordan, Plaisted et 
al. 2001, Baldassi, Pei et al. 2009). In addition, a study by Wang et al. (2015) used 
eye-tracking to investigate gaze patterns in viewing naturalistic scenes. Individuals 
with autism were biased to viewing parts of the scene that ranked high in pixel-level 
saliency (salient in terms of colors, intensity or contrast), compared to object-level 
saliency (for example relating to the size of an object) and semantic-level saliency 
(for example people, objects or text), while the opposite effect was found in control 
subjects (Wang, Jiang et al. 2015).
Hyper-attention to detail might be the result of exceptional sensory discrimination 
abilities, but it may result in a bias towards reduced used of context in order to 
understand the environment, which results in the construction of hyper-specific 
representations of information and subsequently, poor generalization. This is the 
premise of the weak central coherence theory (Happe and Frith 2006). Consequentially, 
perceptual category learning based on simple definitive features is largely preserved 
and discrimination between highly similar stimuli is superior in autism (Plaisted, 
O’Riordan et al. 1998, Plaisted, O’Riordan et al. 1998, Bott, Brock et al. 2006, 
Gastgeb, Dundas et al. 2012). However, when categorization relies on comparing a 
specific stimulus with abstracted representations, deficits become more apparent 
and individuals show clear signs of impaired generalization skills (Bott, Brock et al. 
2006, Vladusich, Olu-Lafe et al. 2010, Froehlich, Anderson et al. 2012, Gastgeb, 
Dundas et al. 2012). In false recognition paradigms however, in which individuals with 
autism might show more accurate memory, reduced generalization skills could be an 
advantage since the subject is not easily influenced by associatively or semantically 
related words that would otherwise induce gist-based illusions. Accordingly, it has 
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been suggested that individuals with autism have more restricted semantic networks 
(Beversdorf, Smith et al. 2000, Beversdorf, Narayanan et al. 2007).
Evidence from enhanced sensory processing might explain the enhanced pattern 
separation abilities in Ehmt1+/- mice (Benevento, Oomen et al. 2017). However, how 
could visual sensory hypersensitivity and hyper-attention to detail be beneficial to the 
extraction of patterns in the Object Space task? One would expect that this would 
require global processing, at least to the extent of local processing. In that sense, the 
weak central coherence theory does not explain a putative superior ability of Ehmt1+/- 
mice to extract patterns in the overlapping condition of the Object Space task. The 
original version of weak central coherence theory appears to only emphasize the 
negative consequences of a local processing bias, which includes an inability to 
integrate information into a complete picture because an individual would be ‘forever 
lost in detail’. However, superior pattern extraction in the Object Space task would 
require an enhanced ability to recognize the spatial pattern of objects and the 
integration of information across multiple events in order to establish an abstracted 
representation of the stable object in space. Increased memory performance in 
Ehmt1+/- in the overlapping condition might therefore be a mere enhancement of 
memory expression. However, it has been proposed by Van der Hallen et al. (2015) 
that perceptual abilities in autism might not be guided by a local processing bias 
per se, but by a shift in the temporal pattern of local-global processing towards slow, 
gradual global processing (Van der Hallen, Evers et al. 2015). In addition, it has been 
suggested that sensory hypersensitivity and hyper-attention to detail are prerequisites 
for a hypersystemizing brain (Baron-Cohen 2009). High-functioning autism would be 
associated with hypersystemization on a level that does not completely disrupt global 
processing, but allows the gradual detection of patterns and the integration of details 
into the understanding of a complete system (Van der Hallen, Evers et al. 2015, 
Robertson and Baron-Cohen 2017).
Sensory hypersensitivity and hyper-attention are prerequisites for a 
hypersystemizing brain: enhanced pattern extraction in Ehmt1+/-?
Enhanced recognition of repeated patterns of stimuli has been frequently found in 
individuals with high-functioning autism, perhaps as a result of a local processing 
bias and this might be attributed to a hypersystemizing brain (Baron-Cohen 2006, 
Baron-Cohen 2008, Baron-Cohen 2009, Baron-Cohen, Ashwin et al. 2009). In human 
literature, it has been suggested that enhanced pattern recognition can be interpreted 
as an excessive drive to analyze or construct systems within the environment 
(Baron-Cohen 2009, Baron-Cohen, Ashwin et al. 2009). Contrary to weak central 
coherence theory, the concept of a hypersystemizing brain emphasizes that sensory 
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hypersensitivity and hyper-attention to detail may result in extraordinary talents 
through the individual’s ability to completely understand a system in uttermost detail. 
Systemizing comprises of the identification of consistent, lawful patterns or structure 
in data in order to predict the behavior of a particular system (Baron-Cohen 2009, 
Baron-Cohen, Ashwin et al. 2009). This can occur in multiple domains. For instance, 
train tables and calendars are examples of numerical systems; abstract systems 
include language, mathematics or musical notation; collectible systems refer to the 
identification of different types of stone for example; natural systems include tidal 
patterns; mechanical systems may involve recording devices or a car engine. Every 
human being has systemizing mechanisms to a certain extent, but individuals with 
autism have the tendency to hypersystemize. A brain tuned to hypersystemize can 
result in great talent in domains that are highly systemizable such as mathematics 
or music. However, it also results in an inability to cope with systems that are not 
consistent or lawful, such as human social behavior. Consequentially, individuals with 
autism are in general highly resistant to change and have reduced ability to empathize 
(Baron-Cohen 2006). Individuals with high-functioning autism show high levels of 
systemization and individuals with low-functioning autism demonstrate even higher 
levels. The higher the level of systemization, the less tolerance there is for ‘unlawful’ 
behavior or variance in the system, which may explain the more extreme occupation 
with repetitiveness and emotional dysregulation with change in low-functioning autism. 
When individuals have zero tolerance for variance in a system, there is also a lower 
capacity for abstraction or generalization. This could explain why semantic learning is 
relatively intact in high-functioning autism but consistently impaired in low-functioning 
autism (Koyama, Tachimori et al. 2007, Boucher, Bigham et al. 2008, Spek, Scholte 
et al. 2008, Boucher, Mayes et al. 2012, Boucher and Anns 2018).
It is tempting to speculate that Ehmt1+/- mice have the equivalent of a hypersystemizing 
brain, which may explain the potential superior pattern extraction in the overlapping 
condition of the Object Space task. It is highly likely that Ehmt1+/- mice have sensory 
hypersensitivity in the visual modality. This has been demonstrated by enhanced 
pattern separation abilities in the Local Discrimination task (Benevento, Oomen et 
al. 2017). There is also some evidence that these mice exhibit increased sensitivity 
to auditory stimuli, expressed by a higher startle response to high-frequency acoustic 
stimuli (Balemans, Kasri et al. 2013). Future studies should determine however if this 
also results in increased discrimination of sounds. Exceptional perceptual abilities 
might give rise to more efficient processing of information, which would explain why 
Ehmt1+/- mice require less total exploration time and fewer object visits in order to 
successfully encode information. Hyperattention to detail does not necessarily mean 
that global processing is impaired, but may rather result in a shift towards slower 
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processing of global information (Van der Hallen, Evers et al. 2015). This effect is 
however not consistent with our results, since Ehmt1+/- mice do not necessarily acquire 
the abstracted memory later in training than wildtypes. Nevertheless, the increased 
ability to integrate information from single events into an abstraction representation 
of the stable object in space might be associated with a hypersystemizing brain. 
In humans, the underlying neural mechanisms of hypersystemizing are still to be 
determined. However, common processes related to systemizing, such as attention, 
reasoning and rule learning, all involve lateral frontoparietal circuits in human control 
subjects (Baron-Cohen 2017). Rodent studies have demonstrated the involvement 
of the medial prefrontal cortex in rule learning (Peyrache, Khamassi et al. 2009, 
Morrissey, Insel et al. 2017, Maggi, Peyrache et al. 2018). In addition, contemporary 
theories of systems consolidation have repeatedly hypothesized the potential role of 
the neocortex in the extraction of patterns (Winocur and Moscovitch 2011, Preston 
and Eichenbaum 2013, Moscovitch, Cabeza et al. 2016, Sekeres, Winocur et al. 
2018). A more complex analysis of Ehmt1+/- mouse behavior in the Object Space 
task concomitant with recordings of cell assemblies in the medial prefrontal cortex 
and hippocampus over the course of learning will be required in order to establish 
whether Ehmt1+/- mice are distinct in the encoding and retrieval of information that 
might relate to enhanced pattern extraction abilities.
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SUPPLEMENTAL MATERIAL
Individual data of discrimination indexes for exploration, frequency and bout in 
Ehmt1+/- mice and wildtype controls (overlapping condition)
Discrimination indexes were calculated for exploration time, frequency of object visits 
and bout length. Concerning discrimination index for exploration time, wildtype mice 
did not perform significantly above chance level during pretraining or test, indicating 
that they did not accumulate memory across sample trials or expressed memory at 
test (pretraining t28=1.594, p=0.122; test t28=1.023, p=0.315). Ehmt1
+/- mice on the 
other hand, significantly performed above chance level during pretraining (t18=3.023, 
p<0.01) but performed at chance level at test (t18=1.004, p=0.329). This suggests 
that Ehmt1+/- mice did accumulate memory across sample trial but not express the 
memory at test. However, discrimination index for frequency showed a marginally 
significant effect at pretraining (t18=1.924, p=0.077) and a significant effect at test 
(t18=2.931, p<0.05), indicating that Ehmt1
+/- mice did display significantly increased 
visits to the less stable object location compared to the stable location, which may 
suggest they did express memory at test. Wildtype controls visited the less stable 
object location more frequently than the stable object location during pretraining at 
test, which may suggest some expression of memory (pretraining t28=2.414, p<0.05; 
test t28=2.551, p<0.05). Finally, discrimination index for bout length showed margin-
ally significant effects during pretraining and test in wildtype controls (pretraining 
t28=1.834, p=0.08; test t28=1.744, p=0.09), suggesting a marginal difference in 
spending time with the less stable object location versus the stable object location. 
In Ehmt1+/- mice, a significant effect was observed only during pretraining (t18=2.263, 
p<0.05) but not at test (t18=1.130, p=0.277). 
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Supplementary Figure 7.1 Individual data of discrimination indexes for exploration, frequency and bout 
length in Ehmt1+/- mice and wildtype controls A. Discrimination index for exploration: One sample t-tests 
showed that wildtype control mice did not perform significantly with respect to chance level during pretraining 
(p=0.12 and test (p=0.32). Ehmt1+/- mice on the other hand did perform significantly above chance level during 
pretraining (**p<0.01). However, no significant performance was found at test (p=0.33). B. Discrimination index 
for frequency: In wildtype mice, significant above chance level effects were found during pretraining (*p<0.05) 
and test (*p<0.05). A marginally significant effect was found in Ehmt1+/- mice during pretraining (◊p=0.07), but 
a significant effect during test (*p<0.05). C. Discrimination index for bout length: Marginally significant effects 
were found in wildtype controls during pretraining (◊p=0.08) and at test (◊p=0.09). In Ehmt1+/- mice, a signifi-
cant effect was only found during pretraining (*p<0.05) but not at test (p=0.27). Data are shown as mean ± 
standard error of the mean. 
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INTRODUCTION
Memories that are stored as generalized knowledge about our world are gradually 
acquired by extracting commonalities across multiple, similar experiences and is 
essential for flexible behavior in the dynamic environments we experience on a daily 
basis (Richards and Frankland 2017). Memory is not a static process but has a dynamic 
nature that involves interactions between multiple brain areas that are differentially 
involved in the processing of information and the organization of memories (McClelland, 
McNaughton et al. 1995, Frankland and Bontempi 2005, Wang and Morris 2010, 
Winocur, Moscovitch et al. 2010, Kumaran, Hassabis et al. 2016, Moscovitch, Cabeza 
et al. 2016). Particularly the hippocampus and neocortex, more specifically the 
medial prefrontal cortex, have received special interest in these processes. Whereas 
both areas are actively engaged at the time of information encoding (Lesburgueres, 
Gobbo et al. 2011), the hippocampus is associated with the encoding of episodic-
like information, or vivid detailed information in an orthogonalized manner, so that 
theoretically an infinite amount of memories can be stored and retrieved accurately 
(Frankland and Bontempi 2005, Yassa and Stark 2011, Kumaran, Hassabis et al. 
2016). The neocortex on the other hand extracts statistical regularities across multiple 
events, thereby constructing a more semantic-like memory over time, containing fewer 
details and represents a more generalized or abstracted memory based on those 
previous events (McClelland, McNaughton et al. 1995, Frankland and Bontempi 
2005, Moscovitch, Cabeza et al. 2016). Particular emphasis in recent literature has 
been on the medial prefrontal cortex, which preferentially codes (abstract) rule-based 
information and is specifically important for the incorporation of novel information into 
already existing knowledge networks (Peyrache, Khamassi et al. 2009, Tse, Takeuchi 
et al. 2011, Wang, Tse et al. 2012, Morrissey, Insel et al. 2017). The hippocampus 
and neocortex are two complementary learning systems that together form a versatile 
memory system that is able to retrieve detailed and generalized memories according 
to what is appropriate in a particular context. Communication between the two areas 
is facilitated during learning and especially during post-training sleep, in which neural 
patterns of activity associated with the awake experience are replayed in both the 
hippocampus and neocortex, a process critical for systems consolidation (Battaglia, 
Benchenane et al. 2011, Genzel and Battaglia 2017). 
In this thesis, a novel sophisticated paradigm for semantic-like memory in mice was 
established: The Object Space task. With this exciting new task, it is possible to study 
the gradual formation of semantic-like memory, providing a novel tool to investigate 
the organization of memory in the brain (Genzel, Schut et al. 2017). In addition, the 
translational value of the Object Space task has been demonstrated in a mouse 
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model of autism. Methodological developments that were key to the work in this 
thesis was the combination of this novel behavioral paradigm with the application of in 
vivo calcium imaging, a novel technique unprecedented in its ability to monitor activity 
of individual cells and cell assemblies over the course of multiple days and weeks. 
This enables the investigation of detailed correlates between specific behavioral 
states and neural patterns as the animal acquires the semantic-like memory. Finally, 
in a modified version of the Object Space task, it was demonstrated that exposure 
to interference results in two memories that are competing for behavioral output. 
Exposure to the interference trial only resulted in the original memory dominating 
behavioral output at retrieval. However, if animals were exposed to unrelated novelty 
after interference, the new memory dominated behavioral output. This modified Object 
Space task will enable future research on the dynamic nature of memory processes 
(see the box on the next page for a brief summary for each chapter). 
 
The Object Space task as a novel task for semantic-like memory
The Object Space task is an especially important new development because it captures 
one of the central functions of an adaptive memory system, namely the ability to adapt 
to the ever-changing environment with shifting conditions and contingencies that is 
our world. This is driven by detecting novelty in the environment, which subsequently 
can be compared and incorporated into our existing knowledge. This natural drive 
motivates new learning (Hardt and Nadel 2018). The behavioral paradigm models 
this by exploiting a mouse’s natural tendency to explore novelty in the presence 
of something familiar, without external motivators. Unfortunately, frequently used 
behavioral paradigms such as fear conditioning lack in that respect and this results 
in studying brain mechanism of memory in a static, unnatural setting (Kitamura, 
Ogawa et al. 2017, Morrissey, Insel et al. 2017). Other behavioral paradigms that 
have attempted to distinguish between episodic-like and semantic-like memory are 
often lengthy and/or ill-suited for chronic recordings of neural activity (Tse, Langston 
et al. 2007, Richards, Xia et al. 2014). We have attempted to overcome these issues 
by developing a task designed to extract information from multiple, similar events, 
accompanied by suitable control conditions. 
The Object Space task, described in Chapter 2, is a more complex version of classic 
object location memory and engages the mouse to explore two objects in a square 
arena for multiple daily trials, over the course of 4 consecutive days. Objects are 
arranged in different spatial configurations, varying in the degree of stability. In the 
key condition, the overlapping condition, the objects are arranged so that one object 
location remains stable over the course of training, whereas the other object is moved 
to a novel location with each trial. As the animal acquires the stable object location,
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BRIEF SUMMARY FOR EACH CHAPTER
Chapter 2 The Object Space task is a novel behavioral paradigm for semantic-like memory  
processes in mice. In this task, mice are allowed to explore two objects in an overlapping spatial 
configuration across multiple trials and days. One object remains in the same location across 
trials (stable), the other moves continuously to a novel location (less stable). Mice accumulate 
memory across trials and days, displayed by gradually increased exploration of the less stable 
object location. This shows that mice are able to extract a spatial pattern across multiple trials 
and express a more abstracted (or semantic-like) representation of the stable object in space. 
Chapter 3 Is successful encoding of the semantic-like memory acquired in the Object Space 
task dependent on the medial prefrontal cortex? A chemogenetic approach to attempt to silence 
medial prefrontal cortex activity was terminated due to potential increased i.p. injection-related 
stress and questionable efficacy of DREADDs.
Chapter 4 Is successful retrieval of the semantic-like memory acquired in the Object Space 
task dependent on the medial prefrontal cortex? The results of an optogenetic approach to 
attempt to silence medial prefrontal cortex activity are currently inconclusive and require a 
higher number of subjects.
Chapter 5 In a modified version of the Object Space task, single-trial exposure to a spatial 
pattern incongruent to the original pattern disrupted retrieval of the original pattern but only 
if this interference trial was followed by exposure to unrelated novelty. Potentially, novelty 
exposure resulted in a new hippocampal memory trace in competition with the original memory 
for behavioral output.
Chapter 6 A novel in-house built pipeline for in vivo calcium imaging data has been established 
for the analysis of large-scale populations of neural activity, recorded over the course of training 
and test in the Object Space task. Future directions will be aimed at investigating how cell 
assemblies are shaped as the mouse acquires the semantic-like memory.
Chapter 7 To assess the translational value of the Object Space task, semantic-like memory 
processes were assessed in Ehmt1+/- mice, a model for intellectual disability and autism. 
Interestingly, semantic-like memory acquisition appears to be superior in Ehmt1+/- mice 
compared to wildtype controls, suggesting that these mice might be a model for high-functioning 
autism instead of intellectual disability. 
Several tiny gray mice are hidden throughout the 8 chapters of this thesis but how many? Find 
them all, with the correct number you can win a prize!
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it will gradually express more interest in the object location that is more novel. In 
other words, mice must accumulate information and extract a spatial pattern across 
multiple, overlapping events in order to retain the memory of the stable object location, 
a process that has been hypothesized to involve the neocortex or more specifically, 
the medial prefrontal cortex (McClelland, McNaughton et al. 1995, Frankland and 
Bontempi 2005, Moscovitch, Cabeza et al. 2016). We have shown that by default, 
mice use the information accumulated over time to guide behavior at test, indicated 
by a positive discrimination index at test. Not only is this memory retained 24hr 
after training, but also after 3 days and 5 days, demonstrating the strength of the 
memory that is formed. The control conditions consisted of a stable pattern across all 
sample trials with one object location moved at test, similar to classic object location 
memory, and random spatial configurations in which no patterns can be extracted. 
As expected, positive memory performance was demonstrated at test in the stable 
control condition, whereas animals had no preference for either object location in the 
random control condition. Importantly, we have demonstrated that these results are 
replicable across multiple experimenters and animal cohorts, again establishing the 
robustness of the animal’s behavior in this paradigm. 
It is clear that animals preferably use the accumulation of their experiences over the 
course of training to guide their behavior at test. If an animal shows no preference 
for object location at test, it can mean two things. Either the animal did not acquire 
a long-term memory across the multiple events or a recent one-event (the last 
sample trial) is guiding its behavior. The memory formed in the stable condition 
might be based on only one event, which would be more episodic-like, but it may 
also be acquired through accumulation of multiple, equal experiences. This renders 
the stable condition to be separate from the overlapping condition and one could 
argue this represents more familiarity or event memory. It is emphasized here that no 
claims are made with respect to studying episodic-like memory in the Object Space 
task. Episodic memory in humans is defined as a conscious recollection of past 
personal experiences and events (Tulving 1983). Obviously, conscious recollection of 
past experiences is challenging to model in animals. Therefore, several studies have 
attempted to describe and model episodic-like features of memory in animals, which 
include a ‘what’, ‘when’, and ‘where’ experience (Dere, Huston et al. 2005, Kart-Teke, 
De Souza Silva et al. 2006, Langston and Wood 2010, Salwiczek, Watanabe et al. 
2010, Inostroza, Binder et al. 2013). Behavioral paradigms that include all three 
episodic-like features are susceptible to hippocampal lesions (Langston and Wood 
2010). However, tasks that rely on the ‘when’ component of episodic memory might 
be susceptible to non-episodic strategies, since humans do not necessarily rely on 
conscious recollection (remembering) of this type of information but instead can also 
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be solved using familiarity (knowing) (Easton, Webster et al. 2012). Nevertheless, it 
can be argued that behavior at test in the stable condition of the Object Space task 
does not necessarily involve recollection of episodic-like memory representations, but 
instead can also be guided by familiarity. 
One of the strengths of the Object Space task is that it allows for a time-saving 
within-subjects design, with the possibility of running all conditions more than once. 
In order to minimize the chances that memory of a pattern in a previous session 
(i.e. completing the sample phase and test within a certain condition) influences 
behavior in the next, apart from counterbalancing, a series of 2D cues are distributed 
among the arena walls and a couple of 3D cues are placed above the arena. We 
assume that the animals will perceive it then as a novel environment. However, it 
is important that these cues are radically different with each session, since studies 
suggest that memory can generalize across contexts as time passes (Wiltgen and 
Silva 2007, Winocur, Moscovitch et al. 2007, Wang, Teixeira et al. 2009, Sekeres, 
Winocur et al. 2018). This becomes especially important when sessions are repeated 
across several months, as is the case in Chapters 3, 4 and 5. The observation that 
the abstracted memory representation in the overlapping condition is retained even 
after 5 days without additional training highlights the importance of providing a novel 
context with each session. Thus, if the abstracted memory persists across multiple 
days but the contexts associated with the pattern tend to generalize over time, the 
memories from previous patterns may influence the memory of more recent patterns. 
However, this requires a more thorough look in how discrimination index changes 
across different sessions, taking into account the spatial configurations the animal 
has previously experienced. 
How is an abstracted memory in the Object Space task formed?
Constructing abstracted knowledge or storing the gist of our experiences is an 
essential feature of an adaptive memory system. Abstract knowledge allows for flexible 
behavior in a changing, noisy environment and it is assumed that these memories are 
more stable and resistant to interference than episodic memory (Ritchey, Montchal et 
al. 2015, Richards and Frankland 2017). It has been hypothesized that the neocortex 
constructs generalized knowledge by accumulating information over time and 
extracting commonalities from overlapping events (McClelland, McNaughton et al. 
1995, Battaglia, Borensztajn et al. 2012, O’Reilly, Bhattacharyya et al. 2014, Ritchey, 
Montchal et al. 2015, Moscovitch, Cabeza et al. 2016). In Chapter 6, recordings 
were taken from large populations of neurons in the medial prefrontal cortex using in 
vivo calcium imaging while animals were trained on all three conditions of the Object 
Space task. So far, preliminary analyses have been performed on the enormous data 
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set, which includes the construction of an in-house data processing pipeline and 
subsequent extraction of putative neurons and spiking activity deconvoluted from 
calcium transients. In addition, behavioral tracking using deep learning algorithms 
have been established for more thorough investigations of neural correlates of 
memory-related processes. 
Future analyses will be aimed at studying how the medial prefrontal cortex is involved 
in the formation of a semantic-like memory as the mouse is acquiring the overlapping 
spatial pattern in the Object Space task. We have already demonstrated that putative 
cell assemblies can be extracted from the spiking activity, which will be essential 
for future investigations of semantic-like memory processes in the brain. It can be 
hypothesized that during earlier stages of training, the medial prefrontal cortex will 
code for various incidental details an animal perceives while exploring the objects 
and the arena. As the animal acquires the spatial pattern, cell assemblies may 
represent more abstracted information, which should include information about the 
stable object location in space (Takehara-Nishiuchi and McNaughton 2008, Morrissey, 
Insel et al. 2017). Neural activity associated with the abstract information should be 
replayed during sleep, to ensure strengthening and stabilization of the memory into the 
neocortex (Frankland and Bontempi 2005). The acquisition of the abstracted memory 
might be concomitant with (partial) forgetting of previously learned information, which 
is hypothesized to be an essential component of generalized memory (Wiltgen and 
Silva 2007, Winocur, Moscovitch et al. 2007, Hardt, Nader et al. 2013, Richards 
and Frankland 2017). Remembering every detailed experience in our lives, including 
impermanent or uncommon events, may prevent generalization and result in inaccurate 
predictions about the future. Hence, forgetting of statistically irregular or outdated 
information may be specifically useful in dynamic environments and facilitate flexible 
decision-making (Migues, Liu et al. 2016, Richards and Frankland 2017). However, 
more extensive analyses are required for making claims about how semantic-like 
memories are gradually formed in the Object Space task. 
Is the abstracted memory acquired in the Object Space task dependent on the 
medial prefrontal cortex?
The medial prefrontal cortex has been extensively studied in the gradual acquisition 
of abstracted memory representations, and previous studies has pointed towards 
the necessary role of specifically the prelimbic cortex and anterior cingulate cortex in 
(remote) memory retrieval and memory updating (Takehara-Nishiuchi and McNaughton 
2008, Tse, Takeuchi et al. 2011, Wang, Tse et al. 2012, Richards, Xia et al. 2014, 
Morrissey, Insel et al. 2017). It is tempting to hypothesize that the same brain areas 
would be required for the acquisition and/or retrieval of the abstracted memory 
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acquired in the Object Space task, especially at a more remote time point after 
learning (Maviel, Durkin et al. 2004, Teixeira, Pomedli et al. 2006). However, we did 
not find evidence for this in Chapters 3 and 4. We have employed different techniques 
to silence activity in the medial prefrontal cortex during encoding (i.e. DREADDs) and 
retrieval (i.e. optogenetics). Due to methodological issues, we refrained from finishing 
the studies with DREADDs. Silencing activity with optogenetics at test did not impair 
retrieval. As the number of subjects in this study was relatively low, and there was 
no verification of neuronal silencing by the yellow light, interpretations of the results 
should be made with caution. However, it might be plausible that activity in other brain 
areas is sufficient for the retrieval of the abstracted memory in the absence of medial 
prefrontal activity. These potential brain areas are part of the default mode network, 
a resting-state network that is involved in memory processes and includes the medial 
prefrontal cortex, medial temporal regions, parietal regions and retrosplenial cortex 
(Raichle, MacLeod et al. 2001, van Kesteren, Fernandez et al. 2010, Deco, Jirsa et 
al. 2011, Kaplan, Adhikari et al. 2016). 
The medial prefrontal cortex and the remoteness of memory
It has been proposed that new memories become more stable as they are 
consolidated into the neocortex over time. This may involve the linking together 
of neural representations that are widely distributed across neocortical networks 
(Hoffman and McNaughton 2002, Frankland and Bontempi 2005). Indeed, human 
imaging and rodent studies have provided evidence for the increasing role of the 
neocortex as memories become more remote, particularly prelimbic cortex, anterior 
cingulate cortex and retrosplenial cortex (Bontempi, Laurent-Demir et al. 1999, 
Takehara, Kawahara et al. 2003, Maviel, Durkin et al. 2004, Teixeira, Pomedli et al. 
2006, Winocur, Moscovitch et al. 2010, Cowansage, Shuman et al. 2014, Ritchey, 
Montchal et al. 2015, Milczarek, Vann et al. 2018). In principle, this distributed nature 
should make memories more resistant to interference or disruption, since activity 
in only some parts of the network might be sufficient to support memory retrieval. 
Nevertheless, lesions or reversible inactivation of the medial prefrontal cortex seems 
to be sufficient for the disruption of remotely acquired memories (Takehara, Kawahara 
et al. 2003, Frankland, Bontempi et al. 2004, Maviel, Durkin et al. 2004, Goshen, 
Brodsky et al. 2011).
What exactly is a remote time point? In rodent studies, the time window in systems 
consolidation studies is several weeks to one month (Maviel, Durkin et al. 2004, 
Frankland and Bontempi 2005, Teixeira, Pomedli et al. 2006, Wiltgen and Silva 2007, 
Goshen, Brodsky et al. 2011, Wheeler, Teixeira et al. 2013, Richards, Xia et al. 2014, 
Sekeres, Winocur et al. 2018). Importantly however, human imaging studies have 
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shown evidence for altered memory organization already 1 day after encoding. This 
included a greater participation of neocortical areas and reduced contribution of the 
posterior hippocampus (Takashima, Nieuwenhuis et al. 2009, Ritchey, Montchal et al. 
2015). In addition, new information consistent with prior knowledge can be rapidly 
consolidated into neocortical networks (Tse, Langston et al. 2007, van Kesteren, 
Fernandez et al. 2010, van Kesteren, Rijpkema et al. 2010, Tse, Takeuchi et al. 
2011, Wang, Tse et al. 2012, van Kesteren, Beul et al. 2013). Thus, a time window 
for systems consolidation appears nonspecific and dependent on prior knowledge. 
Interestingly, in Chapter 2 it was demonstrated that memory for the abstracted 
representation in the Object Space task remains intact not only 24 hours, but also 3 
days and even 5 days after training, without additional training in between. Notably, 
the memory appears to become more robust after 5 days, as observed through 
decreased variance (see Chapter 2), which could indicate that as time passes the 
memory representation becomes more abstracted. This is similar to previous studies 
showing that abstracted memory is gradually formed over time without additional 
training (Richards, Xia et al. 2014) and that the medial prefrontal cortex retains this 
memory at remote time points (Takehara-Nishiuchi and McNaughton 2008, Morrissey, 
Insel et al. 2017). On the other hand, it could also be that any episodic details that 
are retained diminish over time, hence an abstracted memory trace dominates at 
retrieval. In the current experiments, optogenetic silencing was only performed at test 
3 days after training. Perhaps it is worth further studying the potential requirement 
of the medial prefrontal cortex in the Object Space task at more remote time points. 
Animals still express the abstracted memory representation 5 days after training. It 
might be interesting to investigate whether the abstracted memory representation 
is similarly retained at even longer delays, for example 7 days or even 14 days, and 
investigate whether the medial prefrontal cortex becomes increasingly important for 
retrieval. 
Abstracted memories are represented in multiple memory networks
There is a significant amount of evidence reporting that the medial prefrontal cortex 
becomes increasingly involved as memories become more remote. This is in line 
with classic systems consolidation theory, which predicts that memories eventually 
become completely dependent on the neocortex and independent of the hippocampus 
(Frankland and Bontempi 2005). This would imply that the abstracted memory acquired 
in the Object Space task would become solely a neocortical representation after a 
certain amount of time has passed. However, we do not have evidence for the necessity 
of the medial prefrontal cortex in retrieval of the abstracted memory in the Object 
Space task. More recent theories of systems consolidation would predict otherwise 
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and point to a sustained role of the hippocampus in retrieval of the abstracted memory 
acquired in the Object Space task. Particularly, trace transformation theory postulates 
that memories are not merely copied from the hippocampus to the neocortex, but 
instead are transformed from a detailed episodic-like hippocampal memory to a more 
abstracted gist-like cortical memory. Both memory representations remain available 
and interact continuously. Importantly, as long as a memory retains its contextual 
specificity, the hippocampus will always be necessary for memory retrieval, regardless 
of age (Winocur, Moscovitch et al. 2010, Sekeres, Winocur et al. 2018). Although 
we did not test this in the current experiment, one could argue that the abstracted 
memory in the Object Space task might not become completely dependent on the 
medial prefrontal cortex but may also engage the hippocampus during retrieval. 
Particularly, the continuous exposure to the same context over the course of training 
might be sufficient to maintain the contextual specificity of the memory (Alvares de 
Oliveira, Einarsson et al. 2012). Consequentially, engagement of the hippocampus 
might be adequate to retrieve the memory in the absence of medial prefrontal activity, 
perhaps through interactions with other neocortical areas.
Indeed, Goshen et al. (2011) demonstrated dynamic retrieval processes in the 
hippocampus and medial prefrontal cortex, depending on the parameters employed 
to manipulate brain activity. If the hippocampus is inhibited in a temporally precise 
manner (5min inhibition), retrieval of a contextual fear memory is disrupted at both 
recent and remote time points. Similar results were demonstrated when the medial 
prefrontal cortex was inhibited. However, when stimulation parameters matched the 
typical time course of pharmacological inhibition (30min inhibition prior to test with 
subsequent continuous inhibition during test), remote memory remained intact and 
resulted in increased engagement of the medial prefrontal cortex, particularly the 
anterior cingulate cortex (Goshen, Brodsky et al. 2011). Thus, lack of activity in one 
brain area can consequentially result in compensatory activation of another brain 
area in order to rescue retrieval of a memory. 
In addition, recent evidence suggests that other neocortical areas and parts of the 
hippocampus are capable of storing detailed as well as generalized information 
(Sekeres, Winocur et al. 2018). Specifically, the posterior hippocampus mediates 
rich, perceptual details of an event through strong connectivity with posterior 
neocortical areas, including retrosplenial cortex and posterior cingulate cortex. The 
anterior hippocampus on the other hand codes more global features of an event and 
supports abstracted memory representations through dense connections with mainly 
the medial prefrontal cortex (Kumaran, Summerfield et al. 2009, Komorowski, Garcia 
et al. 2013, McCormick, St-Laurent et al. 2015, Schlichting, Mumford et al. 2015, 
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Bowman and Zeithamova 2018, McCormick, Moscovitch et al. 2018). As memories 
become transformed from detailed to abstracted representations, there is a shift in 
activity from posterior hippocampus and neocortex to activity in anterior hippocampus 
and particularly medial prefrontal cortex (Sekeres, Winocur et al. 2018). 
Emphasizing the roles of other neocortical areas, Reagh et al. (2018) proposed 
a framework that qualitatively and neurally dissociates two forms of semantic 
knowledge. That is, the perirhinal cortex is part of an extended anterior temporal 
system (AT) that supports perceptual and semantic knowledge about objects or 
entities. The parahippocampal cortex and retrosplenial cortex on the other hand 
are part of a posterior medial system (PM) that also includes the medial prefrontal 
cortex and is specifically related to more conceptual semantic knowledge. The 
hippocampus facilitates integration of the two systems and supports ‘sharpening’ of 
their activity patterns into a representation of specific information surrounded by a 
particular concept and context. Both systems can support generalized and detailed 
information. More specifically, the PM system provides a scaffold at different levels of 
detailed and abstracted information, such as the context, situation model or concept. 
The AT system then provides detailed information and semantic knowledge about 
entities that are included into that scaffold (Ranganath and Ritchey 2012, Reagh and 
Ranganath 2018). 
It is interesting to note that a particular role of retrosplenial cortex is emerging in 
both contextually-specific and abstracted memory processes (Corcoran, Donnan 
et al. 2011, Cowansage, Shuman et al. 2014, Todd, Huszar et al. 2016, Todd, 
Mehlman et al. 2016, Todd, DeAngeli et al. 2017, Jiang, DeAngeli et al. 2018). The 
retrosplenial cortex, a neocortical area that is part of the default mode network, is 
densely interconnected with the hippocampus, entorhinal cortex and sensory areas. 
It has been suggested that the retrosplenial cortex is important for the integration 
of information that is crucial for orientation within a global spatial context (Bird and 
Burgess 2008). In addition, evidence suggests that activity in this area is important 
for retrieval of recent contextually-specific and spatial memories as well as remote, 
generalized memories, even in the absence of hippocampal activity (Corcoran, 
Donnan et al. 2011, Cowansage, Shuman et al. 2014, Czajkowski, Jayaprakash et 
al. 2014, Milczarek, Vann et al. 2018, Mitchell, Czajkowski et al. 2018). Specifically, 
optogenetically activating an ensemble associated with encoding of contextual fear 
conditioning was sufficient to retrieve the memory less than 48hr after training, 
even in the absence of hippocampal activity (Cowansage, Shuman et al. 2014). In 
addition, learning in a spatial memory task was associated with gradual emergence 
of a context-specific pattern that became more stable over time and was retained 
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across several weeks. Moreover, the stability of the ensemble positively predicted 
memory performance (Milczarek, Vann et al. 2018). These studies indicate that the 
retrosplenial cortex is capable of gradually acquiring a stable, contextually-specific 
memory that can be retrieved in the absence of hippocampal activity. In addition, 
some human imaging studies suggest that the retrosplenial cortex is implicated in 
extracting statistical regularities when participants are viewing naturalistic scenes 
(Park and Chun 2009, Otsuka and Saiki 2017). 
Considering the evidence, it is plausible that in the absence of activity in the medial 
prefrontal cortex, engagement of the retrosplenial cortex and/or anterior hippocampus 
might be sufficient to drive appropriate memory retrieval in the Object Space task. 
However, additional empirical studies will be required to assess whether retrosplenial 
cortex is also implicated in more complex behavioral paradigms that involve the 
extraction of statistical regularities across multiple events.  
Novelty creates competing memories in the Object Space task
In Chapter 5, we have established that memory in the Object Space task is resistant 
to interference by a single exposure to a pattern inconsistent with the previously 
learned pattern, emphasizing the robustness of the abstracted memory. However, 
subsequent exposure to novelty does make the memory more prone to interference, 
possibly through increased dopaminergic transmission and subsequent enhanced 
plasticity in the hippocampus (Duszkiewicz, McNamara et al. 2018).
One of the core functions of our memory system is the ability to adapt to our every-
changing world and this is critical to survival. As such, the detection and exploration 
of novelty motivates new learning and promotes updating of old representations to 
current, appropriate representations of our environment. The hippocampus has been 
repeatedly implicated in the detection of novelty within a particular environment. 
Hippocampal place cell activity is modulated by a sudden presence or absence of an 
object (Manns and Eichenbaum 2009, Deshmukh and Knierim 2013, Larkin, Lykken 
et al. 2014). Particularly CA1 increases firing rate in response to contextual novelty 
and this has been interpreted as a more generalized versus spatially specific novelty 
signal, which may promote updating of new information (Larkin, Lykken et al. 2014). 
In addition, the hippocampus preferentially reactivates patterns of neural activity 
associated with exposure to a novel environment compared to a familiar environment 
(van de Ven, Trouche et al. 2016). Several studies have implicated dopamine and 
particularly the activation of hippocampal dopamine D1/D5 receptors in supporting 
the detection of novelty and thereby promoting encoding and persistence of memory. 
This is supported by dopamine-induced enhancement of synaptic plasticity processes 
in the hippocampus (O’Carroll, Martin et al. 2006, Moncada and Viola 2007, Rossato, 
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Bevilaqua et al. 2009, Bethus, Tse et al. 2010, Wang, Redondo et al. 2010, McNamara, 
Tejero-Cantero et al. 2014, Rosen, Cheung et al. 2015). 
Until recently, it was assumed that these effects on memory were dependent on 
dopamine originating from the ventral tegmental area, innervating the hippocampus 
(Lisman and Grace 2005, Lisman, Grace et al. 2011). Indeed, optogenetic stimulation 
of ventral tegmental area dopaminergic neurons projecting to the hippocampus 
enhanced excitatory transmission in CA1 and promoted stronger replay of novel 
information during sleep, thereby supporting memory persistence (McNamara, Tejero-
Cantero et al. 2014, Rosen, Cheung et al. 2015). Considering these effects on memory 
replay, the role of ventral tegmental area dopamine in novelty may be particularly 
important for systems consolidation (Duszkiewicz, McNamara et al. 2018). However, 
the hippocampus is innervated by another distinct source of dopamine, namely the 
locus coeruleus. This innervation is much denser than the projections from the 
ventral tegmental area (Kempadoo, Mosharov et al. 2016, Takeuchi, Duszkiewicz et 
al. 2016). Locus coeruleus dopaminergic neurons increase activity during exposure 
to novelty and also support memory consolidation via dopamine D1/D5 receptors 
in the hippocampus (Kempadoo, Mosharov et al. 2016, Takeuchi, Duszkiewicz et al. 
2016). In addition, optogenetic stimulation of dopaminergic locus coeruleus neurons 
projecting to the hippocampus enhances synaptic plasticity (Takeuchi, Duszkiewicz et 
al. 2016). It has been suggested that dopamine from this source creates a temporal 
time window of enhanced hippocampal plasticity that promotes more wide-spread 
memory consolidation, meaning not only the consolidation of a particular event but 
also of events that occur shortly before or after. This is similar to ‘flashbulb’ memories, 
a phenomenon whereby unexpected and often emotionally salient experiences are 
vividly remembered including details that appear to be unrelated to the particular 
experience (Takeuchi, Duszkiewicz et al. 2016, Yamasaki and Takeuchi 2017). 
It has been suggested that dopamine originating from the ventral tegmental area and 
locus coeruleus involves two separate novelty systems, each optimized for distinct 
memory consolidation processes. Specifically, dopamine from the ventral tegmental 
area has been suggested to reflect common novelty, or novel experiences that are 
similar and relevant to previous experiences. This type of novelty would support 
systems consolidation processes by promoting the integration of novel information 
into pre-existing neocortical knowledge networks (Duszkiewicz, McNamara et al. 
2018). It is tempting to speculate that the subtle but relevant changes occurring 
trial by trial in the overlapping condition of the Object Space task engage this novelty 
system. Distinct novelty on the other hand, is associated with dopamine originating 
from the locus coeruleus and implicates experiences that are not related to the 
animal’s past experience. These unique experiences would enhance hippocampal 
plasticity to promote the consolidation of detailed episodic-like memories (Yamasaki 
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and Takeuchi 2017, Duszkiewicz, McNamara et al. 2018). It is highly probable that 
exposure to a novelty box as in the current experiments, comprised of different 
materials and textures, posits a unique experience to the animal that might engage 
the distinct novelty system. In order to preserve the rich contextual content of these 
hippocampal memories, distinct novelty might suppress systems consolidation 
processes. Evidence for this comes from a study by Genzel et al. (2017), which 
demonstrates that immediate early genes associated with learning are suppressed in 
the prefrontal cortex but upregulated in the hippocampus after subsequent exposure 
to novelty (Genzel, Rossato et al. 2017). These systems are not mutually exclusive 
and can be triggered to different extents, depending on the character of a particular 
experience.
This interesting framework provides a potential explanation of how the interference 
conditions might have affected memory performance in the Object Space task. The 
repeating trials over the course of training might engage the common novelty system. 
Each event is very similar to the previous event and moving one object to a different 
location within the familiar arena is most likely perceived as a subtle change, but 
relevant enough in order to integrate the information into the knowledge about the 
similar, past experiences about the stable object in space. It could be argued that 
the distinct novelty system is engaged in the early stages of training. The addition 
of cues in the arena should be distinct enough for the animal to perceive it as a 
novel environment, thereby creating a unique experience at the start of training. With 
experience however, the system will gradually transition from a distinct to a common 
signal, promoting long-term, abstracted memory over time. The interference trial 
consists of exposure to a pattern inconsistent with the one established over the course 
of learning. More specifically, it involves moving the stable object to a novel location. 
This alone does not produce interference since animals are still able to retrieve the 
previous pattern at post-interference test. Perhaps this is because simply moving the 
stable object is still very similar to the previous experiences of the mouse, thereby not 
unique enough to engage the distinct novelty system. However, subsequent exposure 
to a novelty box with unique materials and textures highly likely engages the distinct 
novelty system and creates a time window of enhanced hippocampal plasticity (Wang, 
Redondo et al. 2010, Duszkiewicz, McNamara et al. 2018). Under these conditions, 
the interference trial, which happened shortly before exposure to novelty, will gain 
salience and is consolidated in a detailed episodic-like hippocampal form. At the post-
interference test, there are now two competing memories, namely a newly acquired 
hippocampal memory of the inconsistent pattern that is interfering with the previous 
established abstracted memory of the original pattern. These competing memories 
result in memory performance around chance level.
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A role for memory replay in preventing interference
It has been hypothesized that integration of new information in the neocortex without 
interfering with existing knowledge requires interleaved replay (McClelland, McNaughton 
et al. 1995). In other words, replay of new information that has to be incorporated 
into existing knowledge in the neocortex must be interleaved with replay of previous 
knowledge to minimize the disruption of existing knowledge. Hippocampal replay, or 
the reactivation of neural activity patterns associated with an awake experience during 
sleep, coincides with sharp wave ripples, which is a dominant activity pattern during 
sleep consisting of high-frequency oscillations originating from CA3 (Buzsaki 2015). 
Replay of novel information enhances synaptic plasticity in the hippocampus and is 
critical for memory consolidation (Lee and Wilson 2002, Girardeau, Benchenane et 
al. 2009, de Lavilleon, Lacroix et al. 2015, Sadowski, Jones et al. 2016, van de Ven, 
Trouche et al. 2016, Roux, Hu et al. 2017). 
Memory replay has been found in the neocortex as well. One of the first studies 
documenting this was a study by Hoffman and McNaughton (2002), showing that in 
the primate neocortex, neural activity from multiple cortical areas during sleep greatly 
resembled activity observed while the monkey was performing the behavioral task 
(Hoffman and McNaughton 2002) (Hoffman and McNaughton 2002). In the rodent 
brain, cortical replay has been observed in the medial prefrontal cortex (Euston, 
Tatsuno et al. 2007, Peyrache, Khamassi et al. 2009). Importantly, cortical replay is 
coupled to hippocampal replay. During sleep, cortical activity is dominated by slow 
oscillations, consisting of alternating states of elevated activity (UP state) and relative 
silence (DOWN state). This activity is characterized by other oscillatory phenomena. 
The K-complex, of which the peak coincides with a DOWN state, often followed by a 
spindle. Both are linked to hippocampal sharp wave ripples and have been implicated 
in memory replay and consolidation (Siapas and Wilson 1998, Peyrache, Khamassi 
et al. 2009, Johnson, Euston et al. 2010, Mednick, McDevitt et al. 2013). Cortical 
replay occurs briefly after hippocampal sharp wave ripples, particularly when cortical 
slow oscillations are in transition from a DOWN state to an UP state (Genzel, Kroes et 
al. 2014). Replay is strongest when a K-complex has just been preceded by a sharp 
wave ripples. Spindles on the other hand, occur after the memory replay peak and 
have also been found to reduce prefrontal activity at the time of sharp wave ripples 
(Peyrache, Khamassi et al. 2009, Ego-Stengel and Wilson 2010). This implies that 
K-complexes may be particularly involved in systems consolidation, whereas spindles 
may be more important for local plasticity processes (Genzel, Kroes et al. 2014). 
Cortical replay preceded by sharp wave ripples fosters hippocampal-cortical 
interactions and supports learning of new information (Battaglia, Sutherland et al. 
Chapter 8
214
2004, Peyrache, Khamassi et al. 2009, Benchenane, Peyrache et al. 2010, Maingret, 
Girardeau et al. 2016). For example, Peyrache et al. (2009) trained rats on a rule 
shifting task in which they learned to select the rewarded arm in a Y-maze according 
to four possible, frequently changing, rules. Cortical replay events during sleep 
coincided prevalently with hippocampal sharp wave ripples. Interestingly, the activity 
of the replayed events corresponded to the activity observed when the rat was at the 
choice point of the maze, the moment where information about a previously learned 
rule had to be retrieved in order to obtain the reward. This suggests that only the most 
behaviorally relevant information is most likely to be replayed, and thus consolidated 
(Peyrache, Khamassi et al. 2009). Indeed, it appears that replay is biased towards 
events that are rewarding (Carr, Jadhav et al. 2011, Bendor and Wilson 2012). In 
addition, linking replay place cell activity to a rewarding experience during sleep (i.e. 
by medial forebrain bundle stimulation), resulted in place preference for the tagged 
location, as if it was related to the artificially rewarding experience (de Lavilleon, 
Lacroix et al. 2015). It might be that the hippocampus is driving the content of replay 
in the medial prefrontal cortex. Cell assemblies in the medial prefrontal cortex and 
hippocampus that share the same behavioral correlates tended to increase firing rate 
during sharp wave ripples, whereas cell assemblies in the medial prefrontal cortex 
that have different behavioral correlates tended to be suppressed (Jadhav, Rothschild 
et al. 2016). 
These findings provide important evidence for memory replay as an underlying 
mechanism of systems consolidation. The hippocampus may drive the selection of 
new experiences that are to be replayed in the cortex. However, it is currently unknown 
which other memories are selected for replay interleaved with the new experience. As 
proposed by McClelland et al. (1995), in order to incorporate new information into an 
existing network, the information has to be presented interleaved with old information 
to prevent the erasure of previous knowledge. Thus, replay of new information 
from the hippocampus might be interleaved with replay of old information already 
established in the cortex. As the replay of new information in the cortex is driven by 
hippocampal sharp wave ripples, cortical replay of old information might be driven 
by cortical oscillations in the absence of sharp wave ripples. Indeed, K-complexes 
are usually preceded by sharp wave ripples (Isomura, Sirota et al. 2006, Peyrache, 
Battaglia et al. 2011). However, a large portion of K-complexes occur in the absence 
of sharp wave ripples (McNaughton lab, unpublished data). Potentially these events 
reflect the cortical replay of already established memory representations. However, 
this is currently unknown. 
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The modified version of the Object Space task described here, could be employed 
to address these questions. Specifically, the goal was to find conditions in which 
the memory for the original pattern is still preserved or disrupted after interference. 
Thus, interference of 25min can be utilized to investigate whether interleaved replay 
is important to prevent interference. Note that subsequent novelty is not necessary 
when addressing these questions. In fact, novelty exposure in this paradigm can 
be associated with the distinct novelty system, resulting a strong episodic-like 
hippocampal memory that may exist under conditions that suppress subsequent 
replay into the neocortex (Genzel, Rossato et al. 2017). The medial prefrontal cortex 
can be manipulated during sleep after the interference trial at different oscillatory 
events. Particularly, silencing of the medial prefrontal cortex during K-complexes 
occurring in the absence of sharp wave ripples should result in interference, since 
the cortex will not be given the opportunity to replay old information. It would however 
not affect performance in the episodic condition. In contrast, inhibition of the medial 
prefrontal during K-complexes preceded by sharp wave ripples should prevent replay 
of the novel information and thus avert interference and rescue the memory for the 
original pattern. Episodic memory however, should be disrupted and result in equal 
preference between object locations. 
Semantic-like memory processes in autism
Finally, in Chapter 7, in a translational model of autism mice exhibit enhanced 
memory performance over the course of training compared to littermate controls. 
This is especially interesting since these mice supposedly model Kleefstra syndrome, 
a rare complex condition mostly characterized by autism and severe intellectual 
disability (Kleefstra 2005). The first behavioral studies conducted with this mouse 
model demonstrated a phenotype highly similar to patients with Kleefstra syndrome, 
including developmental delay, hypoactivity, increased anxiety, enhanced sensitivity 
to external stimuli and impaired social behavior (Balemans, Huibers et al. 2010, 
Balemans, Kasri et al. 2013, Balemans, Ansar et al. 2014). With a closer look at 
former and the results in this thesis however, one can be skeptical about any claims 
being made by previous studies on hippocampal-dependent deficiencies in Ehmt1+/- 
mice. This is supported by the potential superior pattern extraction abilities shown 
in this chapter and a recent study indicating enhanced pattern separation abilities 
in this mouse model (Benevento, Oomen et al. 2017). Accordingly, we suggest 
that the Ehmt1+/- mouse might be a suitable model for high-functioning autism, not 
for intellectual disability. In human literature, the theory of hypersystemization, an 
enhanced drive to analyze and integrate repeated, consistent patterns in individuals 
with high-functioning autism, is consistent with the potentially enhanced pattern 
extraction abilities demonstrated in Ehmt1+/- mice (Baron-Cohen 2006, Baron-Cohen 
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2009). However, more thorough studies need to be conducted to investigate whether 
Ehmt1+/- mice truly have enhanced pattern extraction abilities or that performance is 
merely an enhanced expression of memory. 
In conclusion, the development of the Object Space task opens many doors for the 
investigation of the dynamic nature of (semantic-like) memory processes, in both 
health and disease. 
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217
REFERENCES
Balemans, M. C., M. M. Huibers, N. W. Eikelenboom, A. J. Kuipers, R. C. van Summeren, M. M. Pijpers, 
M. Tachibana, Y. Shinkai, H. van Bokhoven and C. E. Van der Zee (2010). “Reduced exploration, 
increased anxiety, and altered social behavior: Autistic-like features of euchromatin histone methyl-
transferase 1 heterozygous knockout mice.” Behav Brain Res 208(1): 47-55.
Balemans, M. C., N. N. Kasri, M. V. Kopanitsa, N. O. Afinowi, G. Ramakers, T. A. Peters, A. J. Beynon, 
S. M. Janssen, R. C. van Summeren, J. M. Eeftens, N. Eikelenboom, M. Benevento, M. Tachibana, 
Y. Shinkai, T. Kleefstra, H. van Bokhoven and C. E. Van der Zee (2013). “Hippocampal dysfunction 
in the Euchromatin histone methyltransferase 1 heterozygous knockout mouse model for Kleefstra 
syndrome.” Hum Mol Genet 22(5): 852-866.
Balemans, M. C. M., M. Ansar, A. R. Oudakker, A. P. M. van Caam, B. Bakker, E. L. Vitters, P. M. van 
der Kraan, D. R. H. de Bruijn, S. M. Janssen, A. J. Kuipers, M. M. H. Huibers, E. M. Maliepaard, X. F. 
Walboomers, M. Benevento, N. Nadif Kasri, T. Kleefstra, H. Zhou, C. E. E. M. Van der Zee and H. van 
Bokhoven (2014). “Reduced Euchromatin histone methyltransferase 1 causes developmental delay, 
hypotonia, and cranial abnormalities associated with increased bone gene expression in Kleefstra 
syndrome mice.” Developmental Biology 386(2): 395-407.
Baron-Cohen, S. (2006). “The hyper-systemizing, assortative mating theory of autism.” Prog 
Neuropsychopharmacol Biol Psychiatry 30(5): 865-872.
Baron-Cohen, S. (2009). “Autism: the empathizing-systemizing (E-S) theory.” Ann N Y Acad Sci 1156: 
68-80.
Battaglia, F. P., K. Benchenane, A. Sirota, C. M. Pennartz and S. I. Wiener (2011). “The hippocampus: 
hub of brain network communication for memory.” Trends Cogn Sci 15(7): 310-318.
Battaglia, F. P., G. Borensztajn and R. Bod (2012). “Structured cognition and neural systems: from rats 
to language.” Neurosci Biobehav Rev 36(7): 1626-1639.
Battaglia, F. P., G. R. Sutherland and B. L. McNaughton (2004). “Hippocampal sharp wave bursts 
coincide with neocortical “up-state” transitions.” Learn Mem 11(6): 697-704.
Benchenane, K., A. Peyrache, M. Khamassi, P. L. Tierney, Y. Gioanni, F. P. Battaglia and S. I. Wiener 
(2010). “Coherent Theta Oscillations and Reorganization of Spike Timing in the Hippocampal- 
Prefrontal Network upon Learning.” Neuron 66(6): 921-936.
Bendor, D. and M. A. Wilson (2012). “Biasing the content of hippocampal replay during sleep.” Nat 
Neurosci 15(10): 1439-1444.
Benevento, M., C. A. Oomen, A. E. Horner, H. Amiri, T. Jacobs, C. Pauwels, M. Frega, T. Kleefstra, M. V. 
Kopanitsa, S. G. Grant, T. J. Bussey, L. M. Saksida, C. E. Van der Zee, H. van Bokhoven, J. C. Glennon 
and N. N. Kasri (2017). “Haploinsufficiency of EHMT1 improves pattern separation and increases 
hippocampal cell proliferation.” Sci Rep 7: 40284.
Bethus, I., D. Tse and R. G. Morris (2010). “Dopamine and memory: modulation of the persistence 
of memory for novel hippocampal NMDA receptor-dependent paired associates.” J Neurosci 30(5): 
1610-1618.
Chapter 8
218
Bird, C. M. and N. Burgess (2008). “The hippocampus and memory: insights from spatial processing.” 
Nat Rev Neurosci 9(3): 182-194.
Bowman, C. R. and D. Zeithamova (2018). “Abstract memory representations in the ventromedial 
prefrontal cortex and hippocampus support concept generalization.” J Neurosci.
Buzsaki, G. (2015). “Hippocampal sharp wave-ripple: A cognitive biomarker for episodic memory and 
planning.” Hippocampus 25(10): 1073-1188.
Carr, M. F., S. P. Jadhav and L. M. Frank (2011). “Hippocampal replay in the awake state: a potential 
substrate for memory consolidation and retrieval.” Nat Neurosci 14(2): 147-153.
Corcoran, K. A., M. D. Donnan, N. C. Tronson, Y. F. Guzman, C. Gao, V. Jovasevic, A. L. Guedea and J. 
Radulovic (2011). “NMDA receptors in retrosplenial cortex are necessary for retrieval of recent and 
remote context fear memory.” J Neurosci 31(32): 11655-11659.
Cowansage, K. K., T. Shuman, B. C. Dillingham, A. Chang, P. Golshani and M. Mayford (2014). “Direct 
reactivation of a coherent neocortical memory of context.” Neuron 84(2): 432-441.
Czajkowski, R., B. Jayaprakash, B. Wiltgen, T. Rogerson, M. C. Guzman-Karlsson, A. L. Barth, J. T. 
Trachtenberg and A. J. Silva (2014). “Encoding and storage of spatial information in the retrosplenial 
cortex.” Proc Natl Acad Sci U S A 111(23): 8661-8666.
de Lavilleon, G., M. M. Lacroix, L. Rondi-Reig and K. Benchenane (2015). “Explicit memory creation 
during sleep demonstrates a causal role of place cells in navigation.” Nat Neurosci 18(4): 493-495.
Deco, G., V. K. Jirsa and A. R. McIntosh (2011). “Emerging concepts for the dynamical organization of 
resting-state activity in the brain.” Nat Rev Neurosci 12(1): 43-56.
Dere, E., J. P. Huston and M. A. De Souza Silva (2005). “Integrated memory for objects, places, and 
temporal order: evidence for episodic-like memory in mice.” Neurobiol Learn Mem 84(3): 214-221.
Deshmukh, S. S. and J. J. Knierim (2013). “Influence of local objects on hippocampal representa-
tions: Landmark vectors and memory.” Hippocampus 23(4): 253-267.
Duszkiewicz, A. J., C. G. McNamara, T. Takeuchi and L. Genzel (2018). “Novelty and Dopaminergic 
Modulation of Memory Persistence: A Tale of Two Systems.” Trends Neurosci.
Easton, A., L. A. Webster and M. J. Eacott (2012). “The episodic nature of episodic-like memories.” 
Learn Mem 19(4): 146-150.
Ego-Stengel, V. and M. A. Wilson (2010). “Disruption of ripple-associated hippocampal activity during 
rest impairs spatial learning in the rat.” Hippocampus 20(1): 1-10.
Euston, D. R., M. Tatsuno and B. L. McNaughton (2007). “Fast-forward playback of recent memory 
sequences in prefrontal cortex during sleep.” Science 318(5853): 1147-1150.
Frankland, P. W. and B. Bontempi (2005). “The organization of recent and remote memories.” Nat Rev 
Neurosci 6(2): 119-130.
General discussion
219
Genzel, L. and F. P. Battaglia (2017). Cortico-Hippocampal Circuits for Memory Consolidation: The Role 
of the Prefrontal Cortex. Cognitive Neuroscience of Memory Consolidation.
Genzel, L., M. C. Kroes, M. Dresler and F. P. Battaglia (2014). “Light sleep versus slow wave sleep in 
memory consolidation: a question of global versus local processes?” Trends Neurosci 37(1): 10-19.
Genzel, L., J. I. Rossato, J. Jacobse, R. M. Grieves, P. A. Spooner, F. P. Battaglia, G. Fernandez and R. 
G. Morris (2017). “The Yin and Yang of Memory Consolidation: Hippocampal and Neocortical.” PLoS 
Biol 15(1): e2000531.
Genzel, L., E. H. S. Schut, T. Schröder, R. Eichler, A. Gomez, I. Navarro-Lobato and F. P. Battaglia (2017). 
“The Object Space task shows cumulative memory expression in both mice and rats.” bioRxiv.
Girardeau, G., K. Benchenane, S. I. Wiener, G. Buzsaki and M. B. Zugaro (2009). “Selective suppres-
sion of hippocampal ripples impairs spatial memory.” Nat Neurosci 12(10): 1222-1223.
Hardt, O. and L. Nadel (2018). “Systems consolidation revisited, but not revised: The promise and 
limits of optogenetics in the study of memory.” Neurosci Lett 680: 54-59.
Hardt, O., K. Nader and L. Nadel (2013). “Decay happens: the role of active forgetting in memory.” 
Trends Cogn Sci 17(3): 111-120.
Hoffman, K. L. and B. L. McNaughton (2002). “Coordinated reactivation of distributed memory traces 
in primate neocortex.” Science 297(5589): 2070-2073.
Inostroza, M., S. Binder and J. Born (2013). “Sleep-dependency of episodic-like memory consolidation 
in rats.” Behav Brain Res 237: 15-22.
Isomura, Y., A. Sirota, S. Ozen, S. Montgomery, K. Mizuseki, D. A. Henze and G. Buzsaki (2006). 
“Integration and segregation of activity in entorhinal-hippocampal subregions by neocortical slow 
oscillations.” Neuron 52(5): 871-882.
Jadhav, S. P., G. Rothschild, D. K. Roumis and L. M. Frank (2016). “Coordinated Excitation and 
Inhibition of Prefrontal Ensembles during Awake Hippocampal Sharp-Wave Ripple Events.” Neuron 
90(1): 113-127.
Jiang, M. Y., N. E. DeAngeli, D. J. Bucci and T. P. Todd (2018). “Retrosplenial cortex has a time-
dependent role in memory for visual stimuli.” Behav Neurosci 132(5): 396-402.
Johnson, L. A., D. R. Euston, M. Tatsuno and B. L. McNaughton (2010). “Stored-trace reactivation 
in rat prefrontal cortex is correlated with down-to-up state fluctuation density.” J Neurosci 30(7): 
2650-2661.
Kaplan, R., M. H. Adhikari, R. Hindriks, D. Mantini, Y. Murayama, N. K. Logothetis and G. Deco (2016). 
“Hippocampal Sharp-Wave Ripples Influence Selective Activation of the Default Mode Network.” Curr 
Biol 26(5): 686-691.
Kart-Teke, E., M. A. De Souza Silva, J. P. Huston and E. Dere (2006). “Wistar rats show episodic-like 
memory for unique experiences.” Neurobiol Learn Mem 85(2): 173-182.
Chapter 8
220
Kempadoo, K. A., E. V. Mosharov, S. J. Choi, D. Sulzer and E. R. Kandel (2016). “Dopamine release 
from the locus coeruleus to the dorsal hippocampus promotes spatial learning and memory.” Proc 
Natl Acad Sci U S A 113(51): 14835-14840.
Kitamura, T., S. K. Ogawa, D. S. Roy, T. Okuyama, M. D. Morrissey, L. M. Smith, R. L. Redondo and 
S. Tonegawa (2017). “Engrams and circuits crucial for systems consolidation of a memory.” Science 
356(6333): 73-78.
Kleefstra, T. (2005). “Disruption of the gene Euchromatin Histone Methyl Transferase1 (Eu-HMTase1) 
is associated with the 9q34 subtelomeric deletion syndrome.” Journal of Medical Genetics 42(4): 
299-306.
Komorowski, R. W., C. G. Garcia, A. Wilson, S. Hattori, M. W. Howard and H. Eichenbaum (2013). 
“Ventral hippocampal neurons are shaped by experience to represent behaviorally relevant contexts.” 
J Neurosci 33(18): 8079-8087.
Kumaran, D., D. Hassabis and J. L. McClelland (2016). “What Learning Systems do Intelligent Agents 
Need? Complementary Learning Systems Theory Updated.” Trends Cogn Sci 20(7): 512-534.
Kumaran, D., J. J. Summerfield, D. Hassabis and E. A. Maguire (2009). “Tracking the emergence of 
conceptual knowledge during human decision making.” Neuron 63(6): 889-901.
Langston, R. F. and E. R. Wood (2010). “Associative recognition and the hippocampus: differen-
tial effects of hippocampal lesions on object-place, object-context and object-place-context memory.” 
Hippocampus 20(10): 1139-1153.
Larkin, M. C., C. Lykken, L. D. Tye, J. G. Wickelgren and L. M. Frank (2014). “Hippocampal output area 
CA1 broadcasts a generalized novelty signal during an object-place recognition task.” Hippocampus 
24(7): 773-783.
Lee, A. K. and M. A. Wilson (2002). “Memory of sequential experience in the hippocampus during 
slow wave sleep.” Neuron 36(6): 1183-1194.
Lesburgueres, E., O. L. Gobbo, S. Alaux-Cantin, A. Hambucken, P. Trifilieff and B. Bontempi (2011). 
“Early tagging of cortical networks is required for the formation of enduring associative memory.” 
Science 331(6019): 924-928.
Lisman, J., A. A. Grace and E. Duzel (2011). “A neoHebbian framework for episodic memory; role of 
dopamine-dependent late LTP.” Trends Neurosci 34(10): 536-547.
Lisman, J. E. and A. A. Grace (2005). “The hippocampal-VTA loop: controlling the entry of information 
into long-term memory.” Neuron 46(5): 703-713.
Maingret, N., G. Girardeau, R. Todorova, M. Goutierre and M. Zugaro (2016). “Hippocampo-cortical 
coupling mediates memory consolidation during sleep.” Nat Neurosci 19(7): 959-964.
Manns, J. R. and H. Eichenbaum (2009). “A cognitive map for object memory in the hippocampus.” 
Learn Mem 16(10): 616-624.
Maviel, T., T. P. Durkin, F. Menzaghi and B. Bontempi (2004). “Sites of neocortical reorganization 
critical for remote spatial memory.” Science 305(5680): 96-99.
General discussion
221
McClelland, J. L., B. L. McNaughton and R. C. O’Reilly (1995). “Why there are complementary learning 
systems in the hippocampus and neocortex: insights from the successes and failures of connec-
tionist models of learning and memory.” Psychol Rev 102(3): 419-457.
McCormick, C., M. Moscovitch, T. A. Valiante, M. Cohn and M. P. McAndrews (2018). “Different neural 
routes to autobiographical memory recall in healthy people and individuals with left medial temporal 
lobe epilepsy.” Neuropsychologia 110: 26-36.
McCormick, C., M. St-Laurent, A. Ty, T. A. Valiante and M. P. McAndrews (2015). “Functional and 
effective hippocampal-neocortical connectivity during construction and elaboration of autobiograph-
ical memory retrieval.” Cereb Cortex 25(5): 1297-1305.
McNamara, C. G., A. Tejero-Cantero, S. Trouche, N. Campo-Urriza and D. Dupret (2014). “Dopaminergic 
neurons promote hippocampal reactivation and spatial memory persistence.” Nat Neurosci 17(12): 
1658-1660.
Mednick, S. C., E. A. McDevitt, J. K. Walsh, E. Wamsley, M. Paulus, J. C. Kanady and S. P. A. Drummond 
(2013). “The Critical Role of Sleep Spindles in Hippocampal-Dependent Memory: A Pharmacology 
Study.” Journal of Neuroscience 33(10): 4494-4504.
Migues, P. V., L. Liu, G. E. Archbold, E. O. Einarsson, J. Wong, K. Bonasia, S. H. Ko, Y. T. Wang and O. 
Hardt (2016). “Blocking Synaptic Removal of GluA2-Containing AMPA Receptors Prevents the Natural 
Forgetting of Long-Term Memories.” J Neurosci 36(12): 3481-3494.
Milczarek, M. M., S. D. Vann and F. Sengpiel (2018). “Spatial Memory Engram in the Mouse 
Retrosplenial Cortex.” Curr Biol 28(12): 1975-1980 e1976.
Misra, P., A. Marconi, M. Peterson and G. Kreiman (2018). “Minimal memory for details in real life 
events.” Sci Rep 8(1): 16701.
Mitchell, A. S., R. Czajkowski, N. Zhang, K. Jeffery and A. J. D. Nelson (2018). “Retrosplenial cortex 
and its role in spatial cognition.” Brain Neurosci Adv 2: 2398212818757098.
Moncada, D. and H. Viola (2007). “Induction of long-term memory by exposure to novelty requires 
protein synthesis: evidence for a behavioral tagging.” J Neurosci 27(28): 7476-7481.
Morrissey, M. D., N. Insel and K. Takehara-Nishiuchi (2017). “Generalizable knowledge outweighs 
incidental details in prefrontal ensemble code over time.” Elife 6.
Moscovitch, M., R. Cabeza, G. Winocur and L. Nadel (2016). “Episodic Memory and Beyond: The 
Hippocampus and Neocortex in Transformation.” Annu Rev Psychol 67: 105-134.
O’Carroll, C. M., S. J. Martin, J. Sandin, B. Frenguelli and R. G. Morris (2006). “Dopaminergic modula-
tion of the persistence of one-trial hippocampus-dependent memory.” Learn Mem 13(6): 760-769.
O’Reilly, R. C., R. Bhattacharyya, M. D. Howard and N. Ketz (2014). “Complementary learning 
systems.” Cogn Sci 38(6): 1229-1248.
Peyrache, A., F. P. Battaglia and A. Destexhe (2011). “Inhibition recruitment in prefrontal cortex during 
sleep spindles and gating of hippocampal inputs.” Proc Natl Acad Sci U S A 108(41): 17207-17212.
Chapter 8
222
Peyrache, A., M. Khamassi, K. Benchenane, S. I. Wiener and F. P. Battaglia (2009). “Replay of rule-
learning related neural patterns in the prefrontal cortex during sleep.” Nat Neurosci 12(7): 919-926.
Raichle, M. E., A. M. MacLeod, A. Z. Snyder, W. J. Powers, D. A. Gusnard and G. L. Shulman (2001). 
“A default mode of brain function.” Proc Natl Acad Sci U S A 98(2): 676-682.
Ranganath, C. and M. Ritchey (2012). “Two cortical systems for memory-guided behaviour.” Nat Rev 
Neurosci 13(10): 713-726.
Reagh, Z. M. and C. Ranganath (2018). “What does the functional organization of cortico-hippocampal 
networks tell us about the functional organization of memory?” Neurosci Lett 680: 69-76.
Richards, B. A. and P. W. Frankland (2017). “The Persistence and Transience of Memory.” Neuron 
94(6): 1071-1084.
Richards, B. A., F. Xia, A. Santoro, J. Husse, M. A. Woodin, S. A. Josselyn and P. W. Frankland (2014). 
“Patterns across multiple memories are identified over time.” Nat Neurosci 17(7): 981-986.
Ritchey, M., M. E. Montchal, A. P. Yonelinas and C. Ranganath (2015). “Delay-dependent contributions 
of medial temporal lobe regions to episodic memory retrieval.” Elife 4.
Rosen, Z. B., S. Cheung and S. A. Siegelbaum (2015). “Midbrain dopamine neurons bidirectionally 
regulate CA3-CA1 synaptic drive.” Nat Neurosci 18(12): 1763-1771.
Rossato, J. I., L. R. Bevilaqua, I. Izquierdo, J. H. Medina and M. Cammarota (2009). “Dopamine 
controls persistence of long-term memory storage.” Science 325(5943): 1017-1020.
Roux, L., B. Hu, R. Eichler, E. Stark and G. Buzsaki (2017). “Sharp wave ripples during learning 
stabilize the hippocampal spatial map.” Nat Neurosci 20(6): 845-853.
Sadowski, J. H., M. W. Jones and J. R. Mellor (2016). “Sharp-Wave Ripples Orchestrate the Induction 
of Synaptic Plasticity during Reactivation of Place Cell Firing Patterns in the Hippocampus.” Cell Rep 
14(8): 1916-1929.
Salwiczek, L. H., A. Watanabe and N. S. Clayton (2010). “Ten years of research into avian models of 
episodic-like memory and its implications for developmental and comparative cognition.” Behav Brain 
Res 215(2): 221-234.
Schlichting, M. L., J. A. Mumford and A. R. Preston (2015). “Learning-related representational changes 
reveal dissociable integration and separation signatures in the hippocampus and prefrontal cortex.” 
Nat Commun 6: 8151.
Sekeres, M. J., G. Winocur and M. Moscovitch (2018). “The hippocampus and related neocortical 
structures in memory transformation.” Neurosci Lett 680: 39-53.
Sekeres, M. J., G. Winocur, M. Moscovitch, J. A. E. Anderson, S. Pishdadian, J. Martin Wojtowicz, M. 
St-Laurent, M. P. McAndrews and C. L. Grady (2018). “Changes in patterns of neural activity underlie 
a time-dependent transformation of memory in rats and humans.” Hippocampus 28(10): 745-764.
Siapas, A. G. and M. A. Wilson (1998). “Coordinated interactions between hippocampal ripples and 
cortical spindles during slow-wave sleep.” Neuron 21(5): 1123-1128.
General discussion
223
Takehara-Nishiuchi, K. and B. L. McNaughton (2008). “Spontaneous changes of neocortical code for 
associative memory during consolidation.” Science 322(5903): 960-963.
Takeuchi, T., A. J. Duszkiewicz, A. Sonneborn, P. A. Spooner, M. Yamasaki, M. Watanabe, C. C. Smith, G. 
Fernandez, K. Deisseroth, R. W. Greene and R. G. Morris (2016). “Locus coeruleus and dopaminergic 
consolidation of everyday memory.” Nature 537(7620): 357-362.
Teixeira, C. M., S. R. Pomedli, H. R. Maei, N. Kee and P. W. Frankland (2006). “Involvement of the 
anterior cingulate cortex in the expression of remote spatial memory.” J Neurosci 26(29): 7555-7564.
Todd, T. P., N. E. DeAngeli, M. Y. Jiang and D. J. Bucci (2017). “Retrograde amnesia of contextual fear 
conditioning: Evidence for retrosplenial cortex involvement in configural processing.” Behav Neurosci 
131(1): 46-54.
Todd, T. P., R. Huszar, N. E. DeAngeli and D. J. Bucci (2016). “Higher-order conditioning and the retros-
plenial cortex.” Neurobiol Learn Mem 133: 257-264.
Todd, T. P., M. L. Mehlman, C. S. Keene, N. E. DeAngeli and D. J. Bucci (2016). “Retrosplenial cortex is 
required for the retrieval of remote memory for auditory cues.” Learn Mem 23(6): 278-288.
Tse, D., R. F. Langston, M. Kakeyama, I. Bethus, P. A. Spooner, E. R. Wood, M. P. Witter and R. G. Morris 
(2007). “Schemas and memory consolidation.” Science 316(5821): 76-82.
Tse, D., T. Takeuchi, M. Kakeyama, Y. Kajii, H. Okuno, C. Tohyama, H. Bito and R. G. Morris (2011). 
“Schema-dependent gene activation and memory encoding in neocortex.” Science 333(6044): 
891-895.
Tulving, E. (1983). Elements of episodic memory. Cambridge
, Oxford University Press.
van de Ven, G. M., S. Trouche, C. G. McNamara, K. Allen and D. Dupret (2016). “Hippocampal Offline 
Reactivation Consolidates Recently Formed Cell Assembly Patterns during Sharp Wave-Ripples.” 
Neuron 92(5): 968-974.
van Kesteren, M. T., G. Fernandez, D. G. Norris and E. J. Hermans (2010). “Persistent schema-
dependent hippocampal-neocortical connectivity during memory encoding and postencoding rest in 
humans.” Proc Natl Acad Sci U S A 107(16): 7550-7555.
Wang, S. H. and R. G. Morris (2010). “Hippocampal-neocortical interactions in memory formation, 
consolidation, and reconsolidation.” Annu Rev Psychol 61: 49-79, C41-44.
Wang, S. H., R. L. Redondo and R. G. Morris (2010). “Relevance of synaptic tagging and capture to 
the persistence of long-term potentiation and everyday spatial memory.” Proc Natl Acad Sci U S A 
107(45): 19537-19542.
Wang, S. H., C. M. Teixeira, A. L. Wheeler and P. W. Frankland (2009). “The precision of remote context 
memories does not require the hippocampus.” Nat Neurosci 12(3): 253-255.
Wang, S. H., D. Tse and R. G. Morris (2012). “Anterior cingulate cortex in schema assimilation and 
expression.” Learn Mem 19(8): 315-318.
Chapter 8
224
Wiltgen, B. J. and A. J. Silva (2007). “Memory for context becomes less specific with time.” Learn 
Mem 14(4): 313-317.
Winocur, G., M. Moscovitch and B. Bontempi (2010). “Memory formation and long-term retention 
in humans and animals: convergence towards a transformation account of hippocampal-neocortical 
interactions.” Neuropsychologia 48(8): 2339-2356.
Winocur, G., M. Moscovitch and M. Sekeres (2007). “Memory consolidation or transformation: context 
manipulation and hippocampal representations of memory.” Nat Neurosci 10(5): 555-557.
Yamasaki, M. and T. Takeuchi (2017). “Locus Coeruleus and Dopamine-Dependent Memory 
Consolidation.” Neural Plast 2017: 8602690.
Yassa, M. A. and C. E. Stark (2011). “Pattern separation in the hippocampus.” Trends Neurosci 
34(10): 515-525.
 
General discussion
225

SUMMARY
228
SUMMARY
Constructing knowledge: semantic memories in mice
In this thesis, it was investigated how the experience of multiple events results in 
the acquisition of knowledge. Memory is a dynamic process that requires multiple 
brain areas that are differentially involved in the processing of information. While 
it is generally assumed that a brain area called the hippocampus is more engaged 
in processing details of our everyday lives (episodic memory), it has been hypoth-
esized that another brain area, termed the neocortex, is involved in the generalization 
or abstraction of information based on multiple, overlapping experiences (semantic 
memory). The communication between the hippocampus and neocortex appears to be 
particularly important in establishing stable generalized long-term memory, a process 
termed systems consolidation. 
Semantic memory can be expressed in multiple ways. For example, if we have experi-
enced a birthday party this week we may still remember certain details of the events: 
the type of cake, how you were dressed, what conversations you had with other people 
etc. However, as time passes we forget these details and only remember the gist of 
this particular birthday party: last month we celebrated my mother’s birthday, lots of 
people visited and there was cake. Thus, memories become more generalized over 
time. Furthermore, even though we do not remember the details of every birthday 
party we have every been to, based on all these events we have constructed semantic 
or abstracted knowledge about what a birthday party is: a joyful event, appropriate to 
bring a gift, there will be cake etc. However, it is currently unclear how the neocortex 
is involved in the construction of abstracted knowledge. 
By using rodents, it becomes possible to assess memory processes at a more 
detailed level with techniques that are currently not feasible in humans. These tech-
niques involve the measuring of neural activity (in vivo calcium imaging) while the 
animal is performing a memory task, and the manipulation of neural activity with the 
help of viral-based strategies to assess a causal relationship between brain function 
and behavior (chemogenetics and optogenetics). In addition, what is currently missing 
in literature is a more complex and naturalistic behavioral paradigm suitable for 
assessing semantic-like memory processes in rodents. 
In Chapter 2, a novel behavioral paradigm for semantic-like processes in mice was 
established. The Object Space task makes use of a mouse’s natural tendency to 
explore novelty in the presence of something that is already known. In this task, the 
animal is exposed to a square arena containing two objects arranged in an overlapping 
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spatial configuration across multiple trials and days. More specifically, with each trial 
one object is moved to a novel location compared to the previous trial (moved object) 
while the other object is always positioned in the same location (stable object). As the 
animal gradually learns the location of the stable object across trials (i.e. acquiring 
the spatial pattern), the mouse will develop a preference for exploring the moved 
object because it is always more novel than the stable object. Thus, as time passes 
the mouse will express memory for the stable object by displaying increased explora-
tory preference for the moved object. At test, which consists of a single trial with two 
objects arranged in the same configuration as the final sample trial 24hr before, this 
preference is retained. This finding is important because it indicates that mice use 
the accumulation of information acquired over the course of training to guide their 
behavior at test instead of a recent experience or single trial. This generalized or 
abstracted memory is expressed not only after 24hr, but also 3 days and 5 days 
after training, demonstrating the robustness of this memory. 
Contemporary theories of systems consolidation hypothesize that the neocortex is 
engaged in the acquisition and retrieval of an abstracted memory. Although multiple 
cortical areas may be involved in these processes, in particular the medial prefrontal 
cortex has been repeatedly implicated in generalization of information over time. 
Thus, in Chapter 3 and Chapter 4, it was attempted to silence activity in the medial 
prefrontal cortex using multiple techniques with the intention to disrupt the acquisi-
tion (Chapter 3) or retrieval (Chapter 4) of the abstracted memory. However, no clear 
conclusion can be drawn from these experiments due to questionable efficacy of the 
technique utilized in Chapter 3 and the relatively low sample size in Chapter 4. 
How robust is the abstracted memory acquired in the Object Space task? Exposure 
to (unrelated) novelty around the time of a particular experience may facilitate the 
formation of a new memory, which in turn can compete with previously established 
memories during the retrieval process. Would it be possible for a new memory to 
completely overwrite the abstracted memory (termed catastrophic interference)? This 
was investigated in Chapter 5, in which mice acquired the abstracted memory but were 
then exposed to a single interference trial. This was sometimes followed by exposure 
to a novel environment. The abstracted memory is resilient to such interference if 
it is not followed by exposure to the novel experience. However, when animals were 
exposed to novelty after interference, retrieval of the abstracted memory competed 
with the interfering memory at test. These experiments illustrate the dynamic nature 
of memory processes in the Object Space task. 
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How are abstracted memories formed in the cortex? In Chapter 6, large-scale record-
ings of neuronal populations were made in the medial prefrontal cortex using in vivo 
calcium imaging as mice were performing in the Object Space task. One of the major 
benefits of this technique is the ability to track the same neurons across multiple days, 
which enables the possibility to assess how an abstracted memory is formed over the 
course of an entire training week. Analysis is in progress. Importantly however, it has 
been demonstrated that hundreds of neurons can be recorded across multiple weeks 
within each animal. In addition, an analysis pipeline has been constructed for reliable 
extraction of calcium transients and putative spiking activity, which is essential for 
further investigation of how an abstracted memory is formed in the medial prefrontal 
cortex. 
Finally, in Chapter 7, the translational value of the Object Space task has been 
assessed. A mutation or deletion of the Ehmt1 gene results in Kleefstra syndrome, a 
developmental condition typified by autism and intellectual disability. The Ehmt1 hete-
rozygous knockout (Ehmt1+/-) mouse serves an animal model for Kleefstra syndrome. 
Studies on the cognitive abilities of these mice are mixed, with some studies indicating 
impaired memory processes while others demonstrate superior memory abilities. To 
date, no studies have been reported on the semantic-like learning abilities of these 
mice. Performance in the Object Space task is superior in Ehmt1+/- mice compared 
to their wildtype littermate controls. This may relate more to the enhanced systemi-
zation of information found in people with high-functioning autism instead of intellec-
tual disability associated with Kleefstra syndrome.  
In sum, the findings in this thesis are mostly fundamental and can contribute to our 
basal understanding of (semantic-like) memory processes in the brain. The estab-
lishment of the Object Space task opens many doors for further investigation of the 
dynamic nature of memory in the healthy brain. In addition, the results in this thesis 
might contribute to our understanding of not only the healthy brain but also in diseases 
and conditions in which altered or disrupted memory processing is a key feature. 
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Het ontstaan van kennis: semantische herinneringen in muizen
In dit proefschrift is onderzocht hoe kennis wordt opgebouwd op basis van het ervaren 
van meerdere, gelijksoortige gebeurtenissen. Geheugen is een dynamisch proces 
waarbij meerdere hersengebieden op verschillende manieren betrokken zijn. In de 
literatuur is speciale aandacht geschonken aan twee hersengebieden, namelijk de 
hippocampus en de neocortex. De hippocampus is essentieel voor het opslaan 
van gedetailleerde informatie die we in ons dagelijks leven meemaken (episodisch 
geheugen). De neocortex verzamelt overlappende informatie uit deze gedetailleerde 
gebeurtenissen en haalt daar een meer generaliserend beeld uit (semantisch geheugen). 
Dit resulteert in meer abstracte herinneringen die weinig details bevatten maar zeer 
stabiel zijn. Communicatie tussen de hippocampus en de neocortex blijkt van groot 
belang te zijn in dit proces en wordt allesomvattend systems consolidation genoemd. 
Semantisch geheugen kan op meerdere manieren tot uiting komen. Bijvoorbeeld, als 
we een paar dagen geleden naar een verjaardag zijn geweest zullen we ons waarschi-
jnlijk nog veel details herinneren van deze gebeurtenis. Wat voor taart er was, wat 
voor kleding je aan had, de gesprekken die je had met specifieke personen, etc. Met 
de tijd vergeten we deze details en herinneren we ons alleen nog maar de kern van 
de gelegenheid: het was de verjaardag van mijn moeder en er was taart. Dus, als 
herinneringen ouder worden, worden ze meer gegeneraliseerd of abstract. Daarnaast 
vormen we op basis van al deze gebeurtenissen semantische of abstracte kennis over 
wat een verjaardag precies is: een gezellige gebeurtenis waarbij het normaal is om 
een cadeau te geven aan de jarige en er is waarschijnlijk taart, ook al herinneren we 
ons niet de details van ieder verjaardagsfeest waar we ooit naartoe zijn geweest. Het 
is op dit moment echter niet bekend op welke manier de neocortex deze abstracte 
kennis opbouwt.
Door gebruik te maken van muizen hebben we op detailniveau kunnen kijken naar 
geheugenprocessen in het brein en kunnen we gebruik maken van diverse technieken 
die op dit moment niet toe te passen zijn op mensen. Deze technieken zijn onder 
andere het direct meten van hersenactiviteit van individuele hersencellen (‘in vivo 
calcium imaging’) terwijl de muis een geheugentaak verricht en het manipuleren van 
hersenactiviteit met behulp van door virus ingebrachte eiwitten (‘chemogenetics’ en 
‘optogenetics’). Een geschikte gedragstaak om specifiek te kijken naar semantisch-
achtig geheugen in muizen is een andere uitdaging die nog maar weinig is geadres-
seerd in de hedendaagse literatuur. 
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Daarom hebben we een nieuwe gedragstaak gevalideerd om semantisch-achtig 
geheugen te meten in muizen, deze is beschreven in Hoofdstuk 2. The ‘Object 
Space task’ maakt gebruik van het natuurlijke gedrag van de muis om nieuwigheid 
te verkennen in een omgeving waar al bekende informatie aanwezig is. In deze taak 
worden dieren in een vierkante arena gezet waarin twee voorwerpen zijn geplaatst 
op twee van vier mogelijke locaties. De muis maakt meerdere van dit soort gebeurt-
enissen mee per dag, verspreid over meerdere dagen. Daarbij blijft één voorwerp op 
dezelfde locatie staan (‘stabiele voorwerp’) en de ander verplaatst steeds naar een 
nieuwe locatie (‘verplaatsende voorwerp’). Over meerdere dagen leert het dier steeds 
beter waar het stabiele voorwerp is gelokaliseerd binnen de arena en zal dit uiten in een 
steeds grotere voorkeur om het verplaatsende voorwerp te gaan verkennen. Tijdens 
de test, bestaande uit één gebeurtenis met twee voorwerpen zodanig geplaatst dat 
het precies dezelfde gebeurtenis is als de meest recente 24 uur daarvoor, blijft deze 
voorkeur voor het verplaatsende voorwerp bestaan. Dit is een belangrijke bevinding 
omdat het illustreert dat het dier de gegeneraliseerde kennis gebruikt die het heeft 
opgebouwd in de afgelopen dagen. Deze gegeneraliseerde kennis of abstracte herin-
nering wordt niet alleen geuit na 24 uur, maar ook 3 dagen en zelfs 5 dagen na alle 
gebeurtenissen. Dit demonstreert hoe robuust de abstracte herinnering is. 
In hedendaagse theorieën van systems consolidation lijkt de neocortex betrokken 
te zijn bij het opbouwen en ophalen van de abstracte herinnering. Een hersengebied 
genaamd de mediale prefrontale cortex lijkt hier specifiek bij betrokken te zijn. In 
Hoofdstuk 3 en Hoofdstuk 4 is met meerdere technieken een poging gedaan om 
activiteit in dit hersengebied te manipuleren met als doel de herinnering te blokkeren. 
Dit gebeurde tijdens de momenten dat het dier alle gebeurtenissen meemaakt vooraf-
gaand aan de test of juist alleen tijdens de test. Uit deze experimenten kunnen op 
dit moment moeilijk conclusies worden getrokken vanwege onduidelijkheid over de 
doeltreffendheid van de gebruikte techniek (Hoofdstuk 3) en een relatief lage groeps-
grootte (Hoofdstuk 4). 
Hoe robuust is nu eigenlijk de abstracte herinnering die zich vormt in de Object Space 
task? Het is bekend dat een herinnering van een bepaalde gebeurtenis versterkt kan 
worden als ons rond die tijd iets onverwachts overkomt. De meeste mensen weten 
bijvoorbeeld nog waar ze waren toen ze voor het eerst hoorde over de gebeurtenissen 
van ‘9/11’. Het is ook bekend dat soortgelijke gebeurtenissen in dieren kunnen 
resulteren in een sterke herinnering, bijvoorbeeld als ze in een nieuwe, prikkelende 
omgeving worden gezet nadat ze iets hebben geleerd. Dit kan er vervolgens voor 
zorgen dat er competitie ontstaat tussen het ophalen van de nieuwe herinnering en 
oudere herinneringen. Zou het zelfs mogelijk zijn dat een nieuwe herinnering een oude 
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herinnering compleet kan overschrijven? Dit is onderzocht in Hoofdstuk 5, waarin 
muizen een abstracte herinnering vormden in de taak maar daarna werden bloot-
gesteld aan een ‘storende’ gebeurtenis. Dat wil zeggen, het voorwerp wat normaal 
gesproken het stabiele voorwerp was werd ineens op een andere locatie neergezet. 
Soms werden de dieren daarna in een nieuwe omgeving gezet, om het opslaan van 
de nieuwe ‘storende’ gebeurtenis te versterken. Uit deze experimenten blijkt dat de 
abstracte herinnering niet gevoelig is voor verstoring als dit niet was opgevolgd met 
blootstelling aan de nieuwe omgeving. Was dit wel het geval, dan werd er competitie 
geobserveerd tussen de abstracte herinnering en de nieuwe herinnering. Deze resul-
taten benadrukken dat geheugen geen statisch maar juist een dynamisch proces is 
en dat we dit kunnen meten in de Object Space task. 
Hoe vormt een abstracte herinnering zich in de neocortex? In Hoofdstuk 6 zijn er 
metingen gedaan van hersenactiviteit van individuele cellen in de mediale prefrontale 
cortex terwijl de muis de Object Space task aan het uitvoeren was. Een groot voordeel 
van de techniek die hier is gebruikt, in vivo calcium imaging, is dat het mogelijk is om 
dezelfde cellen te volgen over meerdere dagen. Dit betekent dat we het opbouwen 
van kennis kunnen volgen vanaf de beginnende stadia van leren tot aan het stadium 
waarin het dier de abstracte herinnering daadwerkelijk heeft gevormd en wanneer 
dit wordt geuit in het gedrag. De analyse is nog lopende, maar het is wel aange-
toond dat het mogelijk is de activiteit van honderden cellen te meten binnen één dier 
voor meerdere achtereenvolgende weken. Ook is er gewerkt aan een analyse pipeline 
die het mogelijk maakt om in de toekomst verder onderzoek te doen naar hoe een 
abstracte herinnering zich met de tijd vormt in de mediale prefrontale cortex.
Daarnaast is in Hoofdstuk 7 onderzocht in welke mate de Object Space task 
toegepast kan worden in onderzoek van ziektebeelden en andere aandoeningen. Een 
mutatie of complete afwezigheid van het Ehmt1 gen resulteert in Kleefstra syndroom, 
een ontwikkelingsaandoening die wordt gekarakteriseerd door autisme en cogni-
tieve beperkingen. De Ehmt1 knockout muis (Ehmt1+/-) mist dit specifieke gen en 
is een diermodel voor Kleefstra syndroom. Er zijn een aantal onderzoeken gedaan 
naar geheugenprocessen in deze muizen maar tot dusver is nog niet gekeken naar 
semantisch-achtige geheugenprocessen. De meest interessante bevinding in dit 
hoofdstuk is dat de Ehmt1+/- muis een sterkere abstracte herinnering vormt dan 
de controlegroep. Dit lijkt niet overeen te komen met de cognitieve beperkingen die 
centraal staan bij Kleefstra syndroom. Het komt echter meer overeen met bevin-
dingen in mensen met hoog-functionerend autisme, die excellent zijn in het systema-
tiseren van informatie. 
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Tot slot is het belangrijk om te weten dat de bevindingen in dit proefschrift voornamelijk 
fundamenteel van aard zijn. Ze dragen bij aan onze basale kennis over (semantisch-
achtige) geheugenprocessen in het brein. De validatie van de Object Space task 
opent echter nieuwe deuren voor verder onderzoek naar de dynamische natuur van 
ons geheugen. Ook kan het gebruik van deze taak nieuwe informatie verschaffen over 
de werking van bepaalde ziektebeelden en aandoeningen waar veranderde geheugen-
processen centraal staan. 
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